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Summary
Music is a fascinating phenomenon, that has inspired many researchers, artists
and philosophers. In this thesis, I explore how musical expression is created in
performance and which role the body plays in our expressive engagment with
music.
In the introductionary chapter, I give an overview of the theories and stud-
ies that influenced my work and that provided a basis for the theoretical frame-
work of this thesis. First, I focus on how patterns that move in time and space
can provide a basis for musical expression. Due to the temporal unfolding
of these sound patterns, they appear to us as moving sonic forms and there-
fore engage a kinaesthetic process, which results in a direct physical impact of
music on our bodies. In fact, we associate the movement perceived in music
with our own body movements, actions and expressive gestures. Because of
this association between our own actions and movements we perceive in music,
we are able to make fast and pre-reflective predictions about these patterns,
which is very useful, for example if you want to be in synchrony in music en-
semble performance, but also if you want to dance to a particular song. When
we (performers and listeners) engage with sounds as emerging patterns, we
engage with the immediate and continuous sensory input of sound rather than
xiv CONTENTS
the symbolic or semantic representation of these patterns. However, musical
patterns can be very complex and therefore, it is a considerable challenge to
deal with this continuous stream of sensory information. But, despite the fact
that patterns are presented to our perception progressively in time and that
their level of complexity can be very high, we are able to assimilate series
of discrete tones and perceive them as understandable, meaningful units in a
larger musical structure. This synthetic activity is called chunking and does
not only takes place in our perception and production of sound, but also in
our perception and production of movement. Chunks could be seen as units
that serve as solid building blocks, defining a spatiotemporal grid in music.
It defines the significant timing level of planning and executing actions, and,
the most salient timescale for music perception. This leads to three levels of
perception and action:
• Sub-chunk level: The continuous movement trajectories and the cor-
responding continuous perception of sound
• Chunk level: The timescale of salient action units or gestures
• Supra-chunk level: The timescale of larger contexts such as sections,
movements and tunes, where we have concatenations of several chunks.
The fact that chunks are holistically perceived units of sound and move-
ment in terms of prediction and executable actions is important for our ex-
pressive engagement with music: it makes the complex patterns constituting
music understandable and manageable, and we can relate to it in terms of our
own actions. Because chunking anchors the perception and production of ges-
tures, most studies dealing with gestures and music-related actions have been
focussing on the chunk-level of timing. However, this puts a strong emphasis
on the predictive mechanisms that play a role in our engagement with music.
It does not account for the sometimes unpredictable context in which music
is performed, the micro-gestures of musicians that can contribute to musical
expression as well, or the strategies that performers use to convey larger musi-
cal structures such as phrases or longer melodies. Consequently, a distinction
should be made between the mechanisms engaged in controlling and communi-
cating expressive parameters at the chunk level and the sub- and supra-chunk
level. Instead of prediction alone, a continuous, dynamic interaction between
planned action and perceived sound of the ongoing and past actions should be
taken into account.
Therefore, in my dissertation, I argue for the complementary role that
sub- and supra-chunk levels play in the expressive interaction with music, and
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that these levels are the pre-eminently ones if we want to look at dynamic
interactions in musical expression. As we deal with musical expression in
terms of body movements and actions, the most exquisite domain to study
musical expression is music performance, as it is the musician who creates the
sound patterns that we engage with, with his body in the first place. But, in
order to fully understand this embodied engagement, the performer’s voice is
irreducible.
In the 6 studies I present in this thesis, I investigate the three levels of
timing as described above, using paradigms that adopt an ecological setting
and integrate the performer’s perspective. To do this, I developed a spe-
cific methodological framework which combines bottom-up and top-down ap-
proaches. On the one hand, this involves the use of objective data, such as
the measurement of sound and movement and related features such as timing
and kinematic features. On the other hand, I made use of subjective measure-
ments, such as video annotations of gestures and questionnaires. This allowed
me to conduct empirical research that involves quantitative and qualitative
data but also the perspective of the performer.
In the first two studies I present, the focus is on how expression is con-
veyed at the sub-chunk level. In chapter 3, I attempt to understand how the
movements of the performer that occur in between sound onsets influence the
control and communication of musical timing. In the chapter that follows, sin-
gle gestural events (the ‘sniff’ and the single preparatory conducting gesture)
are studied in order to see which musical features can be communicated us-
ing these single gestures and what are the movement features that contribute
to this communication. This particular behaviour of musicians is a concrete
example of how gestural behaviour at the sub-chunk level can communicate
expressive musical elements such as tempo and timing.
The next two studies that are presented in this thesis look at the different
manifestations of the chunk-level itself. More specific, I looked at the influence
of tempo on the way performer’s movements are chunked. In chapter 5, indi-
vidual violinists and their performance of a piece in a wide range of tempi are
considered. Chapter 6 comprises two studies: one in which I study the move-
ments of dancers and the way these movements influence the interpretation
of the music by musicians, and one were dancers interpret a choreography in
a wide range of tempi, to look at how this influences their body movements.
Both studies attempt at providing more insight in the origins of tempo and
the related musical aesthetics.
In chapter 7 and 8, I studied musical expression that emerges at higher
levels, such as musical phrasing. At this supra-chunk level, the dynamic in-
teraction during performance is a crucial aspect. In the first of these two
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chapters, I considered how larger muscial structures are encoded through the
body movements of the musician into expressive musical patterns that can be
decoded by listeners in terms of body movements. If a consistency between
participants’ body movements can be observed, this provides evidence that a
shared embodied knowledge of muscial expression contributes to the commu-
nication of larger musical structures than the action unit. The last chapter
deals with music performance in a changing musical context. This allows us
to understand how musicians can convey musical expression by means of their
body movement, and if this gestural vocabulary is flexible or not. Moreover,
I attempt at connecting this vocabulary to perceived musical expression as
well as musical material from the score, which can tell something about the
way musicians impose and control expressive intentions in performance. Being
in control of the expressive intentions implies that performers can anticipate,
predict and adapt to a changing context, which creates a dynamic system that
is unique. It is this uniqueness which we perceive as expressive.
With my thesis, I want to contribute to the area of reserach that focusses on
the performance practice of music. By adopting an interdisciplinary approach,
inspired by the perspective of the performer, I attempt to bring two worlds
closer to each other: the things we can measure by technology and the things
we know intuitivly as musicians and performers.
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Nederlandse Samenvatting
Muziek is een fascinerend fenomeen dat al talrijke onderzoekers, kunstenaars
en filosofen heeft ge¨ınspireerd. In deze thesis onderzoek ik hoe muzikale ex-
pressie wordt gecree¨erd door muzikanten en wat de rol is van lichamelijkheid
in dit proces.
In de introductie geef ik een overzicht van de verschillende theoriee¨n en
studies die mijn werk be¨ınvloed hebben, en die als basis hebben gediend voor
het theoretisch kader in mijn doctoraatsthesis. Eerst focus ik op de manier
waarop patronen die bewegen in de tijd en ruimte kunnen dienen als basis
voor muzikale expressie. Omdat de opeenvolging van tonen gebeurt in de tijd,
komen ze ons voor als bewegende geluidsvormen en daarom engageren ze kines-
thetische processen die resulteren in een onmiddellijke fysieke impact op ons
lichaam. Eigenlijk associe¨ren we de beweging die we percipie¨ren in muziek met
onze eigen expressieve bewegingen en acties. Door deze associatie tussen onze
eigen acties en de beweging die we waarnemen in de muziek, zijn we in staat om
onbewuste voorspellingen te doen over de geluidspatronen waaruit de muziek
bestaat. Dit kan best handig zijn, bijvoorbeeld wanneer je wil synchroniseren
met je medemuzikanten, maar ook wanneer je wil dansen op een bepaald num-
mer. Wanneer we als muzikant of luisteraar in interactie gaan met de patronen
in muziek, dan gaan we eigenlijk in interactie met de onmiddellijke en continue
stroom aan zintuigelijke informatie in de muziek, eerder dan dat we aan sym-
bolische of semantische representaties denken. Toch kunnen deze patronen zeer
complex zijn, en daarom is het voor ons perceptueel systeem een hele uitdag-
ing om die continue stroom aan informatie te monitoren. Maar, ondanks de
complexiteit en het continu binnenstromen van informatie, zijn we in staat om
de opeenvolging van tonen te groeperen en daaruit betekenisvolle eenheden
te destilleren. Deze synthetische activiteit noemt men chunking en gebeurt
niet alleen in onze perceptie van geluid, maar ook in de manier waarop we
muziek produceren, onze bewegingen dus. Chunks kunnen dus gezien worden
als solide bouwblokken die een muzikaal framework bepalen in zowel ruimte
als tijd. Ze bepalen dus wat het belangrijkste tijdsniveau is in de muziek op
gebied van het plannen en uitvoeren van muzikale acties en ook de perceptie
van de uitkomst van die acties. Daarom kunnen we drie niveaus onderscheiden
in perceptie en actie:
• Sub-chunk level: Continue beweging en perceptie van geluid.
• Chunk level: Level van actie-eenheden en gestures.
• Supra-chunk level: Het tijdsniveau waarop bredere muzikale patronen
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zich manifesteren, zoals secties, fraseringen en melodiee¨n, waar we de
aaneenschakling van verschillende chunks kunnen waarnemen.
Chunks zijn eenheden die we waarnemen in functie van onze eigen acties
en predicties, en dit is belangrijk voor onze interactie met muziek: het zorgt
ervoor dat we complexe patronen in muziek kunnen begrijpen en bevatten, en
dat we ons er tot op een bepaald niveau ook mee kunnen identificeren. Om-
dat het mechanisme van chunking onze perceptie en productie van muzikale
gestures verankerd, focussen de meeste studies en onderzoeken op dit tijd-
sniveau. Dit niveau legt nochthans een zeer sterke nadruk op de predictieve
mechanismes en houdt geen rekening met bijvoorbeeld de onvoorspelbare con-
text waarin muziek wordt opgevoerd, de kleine en subtiele bewegingen van de
muzikant of de grotere sturcturen die we soms kunnen waarnemen in muziek.
Bijgevolg moet er een onderscheid gemaakt worden tussen de mechanismes die
betrokken zijn bij de controle en communicatie van muzikale expressie op het
sub- en supra-chunk niveau. Naast predictie is het belangrijk om dus reken-
ing te houden met een dynamische interactie tussen geplande en voorspelbare
acties, de muziek en het geluid dat we waarnemen van de reeds voorbije acties
en het geluid dat we verwachten dat nog moet komen.
Daarom pleit ik in mijn thesis voor de complementaire rol die het sub-
en supra-chunk niveau spelen in de onze expressieve interactie met muziek.
Daarenboven zijn dit de belangrijkste niveaus als we de dynamische patro-
nen in muzikale expressie willen onderzoeken. In deze context benaderen we
muzikale expressie dus vanuit lichaamsbeweging en actie. De lichaamstaal
van de uitvoerende muzikant is dan ook het uitgelezen platform om dit te
doen, aangezien het in de eerste plaats de muzikant is die met zijn lichaam
de geluidspatronen cree¨ert waarmee we ons in de muziek kunnen identificeren.
Maar, om deze lichamelijkheid volledig te doorgronden is het belangrijk om
ons onderzoek te benaderen vanuit het perspectief van de uitvoerder.
In de 6 studies die ik in deze thesis presenteer, onderzoek ik de 3 niveaus van
perceptie en actie zoals hierboven beschreven. Tijdens mijn onderzoek heb ik
er steeds oog voor proberen hebben om een muzikale context te cree¨ren waarin
de uitvoerende muzikant centraal stond. Daarvoor heb ik een methodologisch
kader ontwikkeld dat zowel een bottom-up als top-down aanpak bevat. Aan
de ene kant heb ik dus gebruik gemaakt van ‘objectieve’ data, zoals metingen
van geluid en beweging. Aan de andere kant heb ik ‘subjectieve’ metingen
in mijn methodes verwerkt, zoals vragenlijsten, de analyse van video beelden
en informele interviews. Dit laat me toe om empirisch onderzoek te doen dat
zowel kwantitatieve als kwalitatieve data omvat, en waarbij ook het perspec-
tief van de uitvoerende muzikant een fundamenteel onderdeel vormt van de
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methodologie.
In de eerste twee studies van deze scriptie focus ik op de communicatie van
muzikale expressie op het sub-chunk niveau. In hoofdstuk 3 ga ik dieper in
op de bewegingen van de muzikant die zich voordoen tussen het spelen van de
opeenvolgende noten, en de rol die deze bewegingen spelen in het controleren
en overdragen van timing in een ensemble. In het daaropvolgende hoofdstuk
onderzoek ik twee specifieke expressieve bewegingen uit de uitvoeringpraktijk
van muzikanten, de ‘snuif’ en de enkelvoudige voorbereidende beweging van
dirigenten. Hierdoor wil ik beter begrijpen welke muzikale parameters via
deze bewegingen kunnen worden gecommuniceerd, en wat deze bewegingen zo
specifiek maakt dat ze aspecten van tempo en timing kunnen communiceren
naar mede-muzikanten.
De volgende twee hoofdstukken gaan dieper in op het chunk-niveau zelf,
meer bepaald op de invloed van tempo op de manier waarop beweging wordt
gestructureerd. In hoofdstuk 5 onderzoek ik hoe de beweging van individuele
violisten be¨ınvloed wordt door hen muziek te laten uitvoeren in uiteenlopende
tempi. Hoofdstuk 6 omvat twee studies. De eerste focust op de invloed van
dansbewegingen op het tempo en de timing van muzikanten, de tweede op de
manier waarop tempo de interpretatie van een choreografie be¨ınvloedt op het
gebied van dansbeweging. In beide studies probeer ik inzicht te verschaffen
over de oorsprong van ons huidig tempo systeem en de daaraan verbonden
muzikale esthetiek.
In hoofdstuk 7 en 8 bestudeer ik muzikale expressie die zich op een hoger
niveau manifesteert, zoals frasering. Op het niveau van de supra-chunk wordt
de dynamische interactie tussen het muzikale materiaal dat deel uitmaakt
van de uitvoering zeer belangrijk. In de eerste studie bekijk ik hoe grotere
muzikale sturcturen zoals periodicteit en frasering worden gecodeerd door de
muzikant en door de luisteraar opnieuw worden gedecodeerd op gebied van
lichaamstaal. Consistenties tussen participanten tonen aan dat een gedeelde
lichamelijke connectie bestaat tussen uitvoerder en luisteraar die het niveau
van de chunk overstijgt en die bijdraagt tot de communicatie van muzikale
expressie op een hoger niveau. Het laatste hoofdstuk gaat dieper in op een
veranderende muzikale context in de uitvoering. Hier wil ik kijken of het vo-
cabulairum van lichaamstaal dat de muzikant zich eigen maakt tijdens het
studeren en repeteren een flexibel gegeven is dat zich aanpast aan de con-
text, of net niet. Verbanden leggen tussen lichaamstaal en de perceptie van
muzikale expressie en een veranderende muzikale structuur, laat toe om beter
te begrijpen hoe muzikanten intenties en expressie controleren in hun perfor-
mance. Deze controle impliceert dat muzikanten kunnen anticiperen, en zich
aanpassen aan de veranderende context die de uitvoering van muziek oplegt,
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wat unieke dynamieken cree¨ert. Het is deze unieke dynamiek die we als ex-
pressief ervaren.
Met deze thesis wil ik vooral een bijdrage leveren aan onderzoek dat zich
toespits op de uitvoeringspraktijk van muziek. Door een interdisciplinaire be-
nadering te kiezen, geinspireerd door de uitvoeringspraktijk van muzikanten
zelf, heb ik geprobeerd om twee werelden dichter bij elkaar te brengen: dat








What is music, and why does it moves us? This question has been posed
since Antiquity, and ever since it has been a recurrent topic in study domains
where ‘human’ interaction with the environment is central. On the one hand,
the answer is simple, such as: “Music is not music when you only play the
notes. Sounds - beautiful sounds, well-coordinated sounds can become music”
(Barenboim & Riemen, 2010). Here, Barenboim seems to suggest that in or-
der to have music, you need beautiful and well-coordinated sounds. Therefore,
we could transform the question from ‘what is music’ to the question ‘what
are well-coordinated sounds?’ Clearly, it is not mere sounds, but the way we
organise them as complex patterns, that transforms them into music. Apart
from the organisation of patterns, there is probably another topic implied in
this definition, because coordination also implies a projection of action onto
sounds, on top of their organisation as complex patterns. If we would under-
stand how this action works, could we then understand musical expression?
A well-coordinated sound that becomes music could then be seen as based on
actions that organize sound patterns. To be able to understand their beauty
and to fully engage with them as music, I believe that those sounds should be
‘expressive’. Or stated different, my hypothesis is that expression is the key
to understanding why some configurations of sounds should be called music.
In our present times, the (almost) unlimited access to music recordings,
sources and literature has boosted the research interest in musical expression.
Indeed, why are people interested in music? Why do they want to engage
with music? Why do they pursue well-coordinated sounds? In this doctoral
dissertation, which resulted from my research carried out at IPEM during the
period 2013−2017, I attempt to contribute to this ever increasing research area.
3
4 CHAPTER 1. INTRODUCTION
In particular, I will emphasize the viewpoint of the musician as performer,
who is the one that makes music (as organized expressive sound) possible
and audible in the first place. The first chapter of this dissertation introduces
several concepts and theories that were important during my doctoral research,
which have led to the central research questions of this book. The next chapter
outlines the methodological framework and is followed by the experimental
research and the studies I worked on in the past 4 years.
1.1 Theoretical background: Music as an ex-
pressive art in time
Music is an art form that emerges in and through time. Therefore, the specific
timing and duration of sound elements is a crucial aspect of musical expres-
sion. Timing and duration create the expressive qualities that we perceive as
fast and slow, musical rhythm, phrasing, groove, funk and swing. On the one
hand, part of the musical expression can be fixed in a score or composition,
such as notated rhythm or tempo. Yet, those patterns that we can perceive
as musically expressive can only emerge when a performer decides to enact
what is written on paper. Interestingly, the score (or any other structure that
is decided on by the composer or performer) offers a framework that creates
endless possibilities for the performer to play with, vary and manipulate the
elements of timing. Many theories evolved out of this tension between fixed
structure and expressive variation in performance. Some explain this varia-
tion as an expression of musical structure (such as meter and phrasing, Clarke,
1988; Palmer, 1997) or extra-musical content (such as emotion, P. N. Juslin &
Madison, 1999), but also random variations due to motor noise (Penel & Drake,
2004; Vorberg & Wing, 1996) and principles of biological motion (Friberg &
Sundberg, 1999; Todd, 1985, 1992, 1999). The GERM-model by P. Juslin,
Friberg, and Bresin (2001) integrates these different approaches and assumes
that there is a common idea of expressiveness shared among people. This
shared idea of expression allows one to build a predictive model for perfor-
mance, from which performers can deviate in order to generate individual
expression, which makes the musician (and the music they perform) unique
and interesting (Leman, 2016). However, some have challenged the idea of
deviation (Clarke & Doffman, 2014), since “deviation from the score is nor-
mal, in fact definitive of a musical performance, and it’s not the fact that
notes are not strictly as notated that generates expressivity. Rather it’s how
much they differ from their surroundings and from what we’ve come to accept
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over the last few moments of listening as the (local) norm. Difference from
the score is not what is expressive; change is.” (Leech-Wilkinson, 2009, 8.1,
paragraph 15) This implies a dynamic view on musical expression, where the
expression emerges from a context of changing sounds in time. In either case,
the question remains why we can perceive something inherently expressive in
the evolvement of sound elements over time, and call this phenomenon music.
In the next couple of paragraphs, I will focus on the underlying mechanisms
that elicit our expressive engagement with music. Therefore, I will draw on
theories that explain our tendency to engage with music in terms of pattern
formation, prediction and embodied cognition. In the end, I will argue for
a dynamic perspective on expressive performance, which leads to the central
research questions of this dissertation.
1.1.1 Top-down and bottom-up mechanisms for emer-
gent patterns
If we perceive a sequence of produced tones as expressive, it means that we
feel engaged with what we perceive. Leman (2016) identifies two mechanisms
that underpin this engagement: a bottom-up mechanism which causes the
emergence of patterns and a top-down mechanism that is based on learned
behavior. In the bottom-up mechanism, expressive timing is a percept that
emerges from the physical sound patterns or formal structure of the music and
the human auditory system that processes those patterns. “Architecture is
frozen music,” is a famous quote attributed to von Goethe, Eckermann, and
Fuller (1839, p. 282). Less known, yet of more interest here, is the reversed
quote: “Music is moving architecture”(Griggs, 1922) as by the premisis of time,
“the art of portraying statistical forms in space becomes the art that deals
with dynamic forms that move through time.” This corresponds to the idea of
Hanslick (1854) that music consists of “moving sonic forms” (Leman, 2007).
According to Leman, these sonic forms or patterns consist of different internal
and external arrangements. The internal arrangement of a pattern relates to
the components of a single form, such as the duration and articulation of a
note. The external arrangament relates to the relationship with other forms.
Single notes with different duration and articulation can form a particular
rhythm or note pattern, and these note patterns on their turn can form new
patterns, such as musical meter, or a musical phrase. Some arrangements of
sounds in time have more potential than others to become an emerging percept,
and this potential is based on the extent to which we can get engaged with
the formal structure of music through movement and action (Leman, 2007,
2016). The role of the human auditory system is to deconstruct the sonic
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input pattern and reconstruct it again to a pattern that can be handled as a
transparent configuration. This reconstruction is done mostly at the neural
level (Large & Snyder, 2009; Van Noorden, 1975) and is the reason we can
perceive emergent patterns as pulse, meter and rhythm, even when the tempo
of the music changes or some parts of the perceived percept are not present
in the original sound pattern (like the ‘missing pulse’ phenomenon, Tal et al.,
2017 or subjective rhythmization, B˚a˚ath, 2015).
The top-down mechanism, which is based on learned behavior or nurture,
comprises repertoire and mediators (Leman, 2016), and influences the bottom-
up mechanism. Mediators are aspects that influence the processing of patterns
by our perceptual system, as described above. Movement for example can me-
diate our perception of meter and rhythm (Phillips-Silver & Trainor, 2007),
but also attention is part of a top-down strategy that allows to focus on dif-
ferent layers and structures present in the music (Jones & Boltz, 1989). The
repertoire is a set of culturally selected, preferred forms that define the muscial
environment of an individual, and therefore influences which patterns in music
are likely to become emergent expressive patterns. Think about the current
Western predilection for binary meters (Soley & Hannon, 2010) or the mean
tempo of Western popular (dance) music (Moelants, 2002, 2016) for instance,
which seems to lie around 120-130 BPM. The latter is a good example of how
principles of biological motion can become dispositions for our interaction and
engagement with musical patterns: the biomechanical resonance of our body
lies around 2Hz (or 120BPM) (MacDougall & Moore, 2005), which is the op-
timal tempo for walking (Styns, Van Noorden, Moelants, & Leman, 2007) but
also marks the boundary of which tempi are perceived as fast or slow (Van
Noorden, 2009). Off course, this disposition reinforces the predilection towards
certain arrangements of sound and music configurations that will emerge from
musical interaction. If a certain disposition towards a pattern exist, it is likely
that this pattern will be present in the music produced and listened to, which
on its turn will create even more disposition towards that pattern, and this is
how cultural repertoire is established. The interplay between these bottom-
up and top-down mechanisms facilitates the evocation of emergent patterns
in music, from which new configurations may emerge. This is what Leman
(2016) calls an emergence-disposition dynamics.
It is important to note here that my goal is to deal with a direct presen-
tation of the above described emergent-expressive sound patterns. I thereby
subscribe the idea that we (performers, listeners) engage with the immediate
sensory input of sound rather than the symbolic or semantic representation of
these patterns (Leman, 2016). Due to the temporal unfolding of music, these
emerging sound patterns appear to us as ‘moving sonic forms’ that engage a
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Figure 1.1: Model of expressive engagement
kinaesthetic process, which results in a direct physical impact of music on our
bodies. I go along with the idea that we - as performers, listeners - associate
the movement perceived in music with or own body movements, actions and
expressive gestures (Leman, 2007). After all, this allows us to deal with these
patterns from an intentional perspective, as if the “moving sonic forms” were
organisms with their own behavior from which we can predict actions and the
perceived outcomes that are associated with these actions (Broeckx, 1981).
This action-perception coupling, also called enactment by Leman, enables us
to process the complex patterns in music and reshape them to transparent
percepts that we can interact with in a fast and efficient way. Expression,
then, feeds the enactment process, for instance by modifying nuances in the
timing of the emergent patterns in such a way that the emerging patterns
appear to us even more clear and transparent, or by providing an appropriate
context that benefits the association of moving forms with our own actions
and gestures. This enhances the predictive power of the moving sonic forms
and this is why we can get engaged with music. In fact, this is why music
appears to us as inherently expressive (see Figure 1.1).
From the above approach it is clear that body movement is the key to
understanding musical expression. Indeed, it is through body movement that
expression emerges from patterns we perceive in sound. Given that approach,
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the focus of this dissertation will be on gestural qualities that we discern both
in body movement and in music. To further understand this focus on gestures,
I will continue the presentation of the theoretical framework of musical em-
bodiment by outlining the mechanisms that constitute the musical enactment
process, and next, I will show how expressive gestures influence the emergence
of expressive patterns and therefore induce engagement with music. This pre-
sentation will enable me to develop the idea of a multi-layered framework of
musical expressive gesturing. And finally, I will apply this framework to music
performance, as musicians provide a direct link between the emergent expres-
sive patterns that appear to us as music, and the actions and gestures that
caused this expressive pattern.
1.1.2 Enactment
Enactment happens when (often very complex) musical patterns provide sen-
sory information, which are then associated with the supposed actions that
caused those patterns. This sensory-motor coupling incites a predictive process
that involves perception and action (Leman, 2016), an idea developed through
the common coding theory (Hommel, Mu¨sseler, Aschersleben, & Prinz, 2001;
Prinz, 1990). The basic assumption of this theory is that the planning or execu-
tion of an action recruits the same sensory-motor brain areas as the perception
of the sensory consequences of that action. Through systematically repeated
experiences, sensory events get associated with particular motor commands,
and this allows for prediction and expressive engagement. In fact, “we read
sounds through what our bodies would do to make them” (Leech-Wilkinson,
2009, 8.3, paragraph 88). In Schaeffer’s words (1966), we associate sound with
the actions that might have produced the sound, leading to the attribution
of intentionality or meaning to these actions, as we can simulate them and
understand them as if it were our own actions and corresponding intentions.
This action-oriented ontology (Leman, 2007) lies at the basis of the enactment
process that allows for expressive engagement. I will now focus on two mech-
anisms that constitute this enactment and that are relevant in the context of
expression: entrainment and sensorimotor prediction.
Entrainment
The concept of entrainment plays an important role in my study of expres-
sive gestures. Entrainment has been defined in many ways (Trost, Labbe´, &
Grandjean, 2017), but most often it is regarded as a mechanism of temporal
attunement (London, 2004). Generally speaking, it is a process by which in-
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dependent rhythmical systems that exhibit oscillatory activity interact with
each other because they are coupled. The result of this coupling is the syn-
chronisation between these systems, most commonly occurring as phase and
period alignment (Clayton, 2012). The engine that controls this coupling is
based on temporal attending and expectation (Barnes & Jones, 2000). When
we are entrained, our sensorimotor processing system is cast from one event in
time towards a target event scheduled for a later time. This sensorimotor pro-
cessing assumes an internal clock or time-keeper (Large & Jones, 1999; Povel
& Okkerman, 1981; Wing & Kristofferson, 1973b), which can be considered
as a time discrete model, “as it creates an internal representation of an exter-
nal temporal interval, a kind of clock-grid, and then uses it as a feed-forward
value, spitting out another temporal articulation every so often. As such, the
perceiver moves from state to state, where each state includes a representation
of past temporal structure as well as the anticipation of future events.” (Lon-
don, 2004, p. 20-21) This perspective has been challenged by time-continuous
or emergent models, which do not move from state to state but are dynamical
systems that oscillate and vary in a cyclical fashion. Here, our sensorimotor
processing is continuously drawn towards future events that may occur within
small and larger time intervals. This creates continuous movement patterns
in mental space and time, leading to temporal expectations (which can be re-
garded as active anticipations) of when the next event will occur (Jones &
Boltz, 1989; Large & Jones, 1999). This allows us to adapt our period and
phase in order to achieve synchronization. When entraining to an oscillator, an
accurate model of the temporal expectations is first lacking, but as the oscil-
lating pattern evolves, the expectations become established and grow stronger
and more temporally focused. Our sensorimotor processing is attracted as it
were towards these points in time, which in the end leads to a stable state of
synchronization. In a musical context, it is said that we get “locked” to the
beat. These pulling forces behind synchronization are also called attractor dy-
namics (Haken, Kelso, & Bunz, 1985; Kelso, 1995) and lead to a stable system
that is self-organized and self-sustainable.
Music, obviously, implies a superposition of many oscillating rhythms to-
gether, leading to multiple metric levels often referred to as subdivisions and
multiples of the beat. Entrainment, then, provides an (unconscious) attending
framework that drives our sensorimotor processing to the most salient tem-
poral locations for events in the music. The oscillation that draws the most
attentional energy is called the tactus or referent time period, (Jones & Boltz,
1989; Large, 2010) and is the primary level of timing that we are attracted to
in the music. It is that level where we feel the musical pulse, also called the
beat, or the level at which a listener would tap his/her foot. Yet, additional
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levels of entrainment at both larger and smaller time scales may be present.
A larger time scale may be imposed by stressing strong and weak beats in the
tactus, while smaller time scales might be found in the subdivision of the beats.
London (2004) notes that the temporal referent thereby anchors attentional
processes, which defines the perspective for becoming aware of local details
(for example particular accents and articulations) and more global processes
and goals in music (such as musical phrasing). In the context of the enactment
process in music, entrainment builds temporal expectations that enables us to
selectively attend to space and time around us so useful information is pro-
cessed quickly and efficiently (London, 2004). Hence, by the dynamic forces of
entrainment, we can find and maintain a stable overall timing framework for
the interaction with music (Leman, 2016).
Entrainment dynamics have often been studied using sensorimotor synchro-
nisation tasks (see Repp & Su, 2013 for a review). Here, the oscillating rhythm
constitutes human movement, and therefore, other factors can influence the
entrainment dynamics, such as motor variability and human motor resonance.
The former is a normal attribute of human movement and adds noise to the
variability in timing (Penel & Drake, 2004; Vorberg & Wing, 1996), the latter
will influence our disposition for entrainment to certain periodicities in mu-
sic. The theory of motor resonance assumes that there is a preferred tempo
for the referent time period. This preferred tempo can also be interpreted
as an eigen-frequency of the body. The preferred periodicity for this referent
time period seems to vary around the inter-onset interval (IOI) of 500-600
ms (Delevoye-Turrell, Dione, & Agneray, 2014; Fraisse, 1982; Moelants, 2002),
which matches an assumed resonance frequency of our perceptual system (2
Hz) whose origin might be related to human biomechanical and (loco)motion
constraints (MacDougall & Moore, 2005; Todd, 1992, 1999; van Noorden &
Moelants, 1999). In short, our perception of musical time can be understood
as a dynamical predictive process involving a hierarchical framing of time-slots
that depends on a resonance effect (2 Hz). This resonance effect will not only
determine what people consider as a fast or slow tempo, but it will also affect
the stability of the performance, for attractor dynamics will lead performers
to their preferred “stable performance states.” In these states, parameters re-
lated to micro-timing and gesturing are optimal. In that sense, the human
body and especially the human motor system provides the key to understand
the predictive mechanisms that are involved in our interaction with music.
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Sensorimotor prediction and body schemes
The above discussed mechanism of entrainment is based on sensorimotor pre-
diction mechanisms. Ample studies have linked predictive brain mechanisms
with musical expectations and temporal prediction in music (Huron, 2006;
Large & Jones, 1999; Trainor & Zatorre, 2009). Remarkably, the same brain
regions involved in predictive processing have been coupled to motor activity,
providing a strong connection between auditory temporal expectations and the
human motor system. This auditory-motor coupling can be observed in musi-
cians and non-musicians, both in spontaneous contexts (like listening to music)
or when there is a direct learned mapping between movement and sound (such
as a learned piece of music) (Palmer, 2012; Trainor & Zatorre, 2009). Sensori-
motor prediction, then, integrates motor commands, expected action outcomes
of these commands and expected sensory perception of these actions into a sen-
sorimotor scheme. When planning an action, the corresponding sensorimotor
scheme creates an expectation, which is then compared with the actual ac-
tion outcome and corresponding sensory perception. The mismatch between
the expectation and actual outcome is the prediction error and can be used
as input to adjust the sensorimotor scheme (Leman, 2016). Inspired by the
neuroscience concept of internal models, these mechanisms of error correction
and prediction were integrated in the ADAM model (ADaptation and Antic-
ipation Model) by van der Steen and Keller (2013), which combines reactive
error correction processes (adaptation) with predictive temporal extrapolation
processes (anticipation) in order to model synchronization.
Sensorimotor schemes can be understood as internal models that allow for
simulations and predictions of sensory outcome. These internal models work
in two directions (Palmer, 1997). When a sensory input such as sound is
received, a corresponding motor representation is automatically co-activated
(inverse modelling), and vice versa: when an action is planned or executed,
the corresponding expected sensory outcome is automatically co-activated (for-
ward modelling). When listening to music for example, inverse models result
in the activation of motor codes, which is often manifested in overt movement
responses (for example tapping your feet to the music or dancing in a club).
Forward models on the other hand allow us to make predictions about the au-
ditory outcomes of planned or executed actions (for example the preparatory
gestures of musicians or conductors) (Maes, Leman, Palmer, & Wanderley,
2014; Wolpert et al., 2007). In reality, both ways of modelling operate simul-
taneously when interacting in a musical context and allow for fast and accurate
predictions, which is necessary for example in ensemble performance (Keller,
Novembre, & Hove, 2014; Palmer, 2012).
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Through these predictive mechanisms it becomes possible to acquire action
repertoires, or so-called body schemes which are actually a set of representa-
tions of sensorimotor schemes that can be activated in performance. Once an
action is initiated (this could be by playing a single note but also a complete
scale) a motor program automatically deals with the execution of the action
in time (Leman & Godøy, 2010). Sensorimotor schemes are dynamic, fast,
pre-reflective and draw upon intensive learning and conditioning of motor pat-
terns. However, body schemes also guarantee the realisation of on-the-spot,
fast and efficient adaptations of these actions through the interaction with
the environment (Leman, 2016). The context in which the performing body
interacts with the environment then can feed and alter the actions that are
initiated by these body schemes.
When the mechanisms of entrainment and sensorimotor prediction are com-
bined, a basis for the enactment of expressive patterns in music is provided,
as described in (Leman, 2016). While sensorimotor schemes deal with a con-
tinuous and pre-reflective coupling between motor patterns and sensory out-
comes in terms of action repertoires and prediction, entrainment provides an
overlaying dynamic framework for timing, which facilitates this prediction.
Enactment allows for expressive engagement with music, because due to our
action-oriented ontology (Leman, 2007) the actions perceived in musical pat-
terns appear to us as goal-directed, and therefore, meaningful. Therefore,
musical gestures can build a bridge between movement, action, musical ex-
pression and meaning (Jensenius, Wanderley, Godøy, & Leman, 2010), and
seem the pre-eminently domain for studying the enactment process. In the
next chapters, I will focus on how musical gestures function in the alignment
of musical patterns with expressive intention, and how entrainment provides
a hierarchical timing framework for this process.
1.1.3 Music & gesture
The debate on gesture is an ongoing and interdisciplinary one, as it has en-
gaged many researchers from a number of disciplines such as anthropology,
sociology, linguistics, psychology, computer science and musicology (Ishino &
Stam, 2011). Consequently, this has led to many definitions and usages of
the word “gesture”. A common divider when reading those definitions are the
terms movement or a metafor for movement and meaning (Jensenius, 2014).
Leman and Godøy (2010) provides a straightforward definition of gesture as “a
movement of part of the body [...] to express an idea or meaning.” However,
this reduces gestures to body movements that express something, meaning
that gesture is a medium for expressing ideas or thoughts. In line with the
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previous paragraphs and the theory of expression outlined in Leman (2016),
I argue that gestures could be seen as body movements that are expressive
in itself, because of our action-oriented ontology. It puts expressive gestures
in a phenomenological context, which is “a philosophy for which the world is
always ‘already there’ before reflection begins - as an inalienable presence (...)
It also offers an account of space, time and the world as we ‘live’ them. It
tries to give a direct description of our experience as it is.” (Merleau-Ponty,
1996, vii) This is an important nuance, as it defines gesture as expressive
before or beyond language, beyond or before the symbolic representation of
something, and therefore, possibly not conscious or intentional. As gestures
transcend semantic interpretations, it allows for fast, pre-reflective interaction.
In light of such a definition, gestures are crucial in understanding the control
and communication of expression in music performance. Control is involved
when gestures work as elements of a system. This is often associated with the
field of human-computer interaction (Jensenius, 2014), but this system could
also be the body of a performer or a listener. Communication is involved when
gestures evoke interaction. We might say that movement is expressive (and
becomes a gesture) when it is perceived as expressive. Or in other words: when
an interaction with the environment is created.
Gestures for control and communication in performance
When gestures are used to control a system, they could be considered as ‘ma-
nipulative’ gestures (Jensenius et al., 2010). In music performance, it is the
performer who wants to translate certain musical intentions or expressive states
into sound patterns. Gestures, then, facilitate this translation. The enactment
process allows for this, as it enables the transformation of intentions into sound
patterns, using sensorimotor schemes that turn the planned actions into body
movements or gestures that realise the sound patterns, a process called en-
coding in Leman (2016). On the other hand, the perceived sound patterns or
moving sonic forms during performance are associated with actions and the
body movements that caused these actions, which is the process of decoding
the sound patterns (Leman, 2016). As musicians are involved in continu-
ous encoding and decoding activities and they engage their body schemes to
deal with the patterns that emerge during performance. Because of this cou-
pling between body movement and sounded outcome, gestures facilitate how
expressive parameters, such as timing and articulation, are controlled in per-
formance. It has been shown in recent studies by Balasubramaniam, Wing,
and Daffertshofer (2004a); Maes, Wanderley, and Palmer (2015); Morillon,
Schroeder, and Wyart (2014) that body movement is an important controller
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of musical timing. Here, musical gestures can provide a continuous feedback
between prediction and perceived action in their movement trajectories, which
leads to a constant adaptation of the prediction (or error-correction) and there-
fore results in more precise musical timing. O¨stersjo¨ (2017) describes this as
“the non-verbal processes of thinking-through-listening”. Error-correction is a
process that involves the physical interaction between a performer and instru-
ment, which is a mode of thinking that does not require verbal ‘translation’
but functions through the ecological system of auditory and motor perception
instead. Moreover, musical gestures could also be applied in performance in
order to outsource control tasks (Risko & Gilbert, 2016). This is possible be-
cause the sensorimotor schemes involved in performance allow for an automatic
execution of planned actions, once an action is initiated. The use of gestures as
controllers of expressive parameters therefore allows for the liberation of cog-
nitive resources that could be used for other purposes in performance (Leman,
2016).
Next to control of expressive parameters, gestures can also evoke expressive
interactions with the environment, and could be considered ‘communicative’
in that sense. This is particularly relevant in ensemble performance and in
the relationship between performer and audience. Even in the domain of
language studies, it is acknowledged that human interactions comprise many
modalities next to language, such as gesture and posture, which are funda-
mental in establishing successful and meaningful communication (Levinson,
2006; Searle, 1969). Some theories even argue for the existence of a gestural,
language-independent universal form of human communication (Liszkowski,
Brown, Callaghan, Takada, & de Vos, 2012; Tomasello, 2008). Again, we
can assume that our action-oriented ontology and body schemes provide the
basis for this interaction. After all, we are inclined to spontaneously (and
largely unconsciously) simulate (internal) movements that we see other people
making, as well as the movements that we assume other people are making
in cases where we cannot actually see their movements (when we listen to
music for example). By engaging our own sensorimotor schemes, we can pre-
dict the behaviour, as well as understand the goals and intentions of others
(Gallese & Goldman, 1998; Godøy, 2010; Sebanz & Knoblich, 2009). One of
the advantages of this gestural communication is that it transcends the level
of semantic representation and can transfer non-semantic information as well.
Moreover, gestures enable the reduction of the complex sensory patterns in
music to understandable action units or percepts. This allows for an immedi-
ate, fast and instantaneous interaction flow, which is very beneficial in musical
communication (Krauss, Chen, & Chawla, 1996; Leman, 2016). In the com-
munication between performer and audience, this allows for a direct transfer
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of musical expression to the audience and results in a bodily engagement of
both performer and listener. I therefore assume that musicians can communi-
cate important structural and expressive information by means of their body
(S. Dahl & Friberg, 2007; J. Davidson, 1994; Vuoskoski, Thompson, Clarke,
& Spence, 2014), but also engage the audience in bodily interactions, visible
in for example the (sound-accompanying) gestures of dancers or people en-
training to music (Burger, Saarikallio, Luck, Thompson, & Toiviainen, 2013;
Godøy, 2010; London, Burger, Thompson, & Toiviainen, 2016; Toiviainen,
Luck, & Thompson, 2010; Van Dyck, Maes, Hargreaves, Lesaffre, & Leman,
2013; Van Dyck, Moelants, et al., 2013). Off course, this bodily behavior of
the audience can also be perceived by the performer again, and in its turn
influence the interaction dynamics. In joint performance, gestures can be
used to communicate expressive intentions to co-performers or align ensemble
members. This could facilitate synchronization, mediate leader-follower roles
or help to give particular cues that lead to a better ensemble cohesion and
coordination (J. W. Davidson, 2012; Glowinski, Dardard, Gnecco, Piana, &
Camurri, 2015; Goebl & Palmer, 2009b; Keller, 2014; Luck & Sloboda, 2008;
Moore & Chen, 2010; Palmer, 2012; Williamon & Davidson, 2002). In that
sense, encoding and decoding activities take place both at the individual level,
but also between performers and between musician and audience, through the
sound and movement patterns that emerge during performance. Musicians
have to deal with planning and executing their own actions, but at the same
time, they also have to predict what the other is going to do. This leads
to particular interaction dynamics, which I summarized in figure 1.2. These
interaction dynamics involve expressive and intentional states of performers
and audience, their actions and gestures, their individual and shared gesture
repertoires and processes of sensorimotor-prediction and entrainment. It al-
lows for a continuous coupling between the emergent patterns in music, the
corresponding action repertoires and the expressive intentions coupled to these
actions, which is called alignment (Leman, 2016, p.95): “Expressive alignment
requires a planning of expressiveness at the intentional level, using expressive
goals and automated mechanisms that execute gestures in space and time in
trying to realize these goals [...]. Expression would typically modify nuances
in the timing of internal and external arrangements of patterns in such a way
that the emerging patterns would benefit in clarity, shape, appearance and
hence in predictive power ”
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Figure 1.2: Interaction dynamics in performance. The control loop comprises
encoding and decoding activities of ones own sound and movement patterns.
The communication loop consists of the encoding and decoding of the sound
and movement patterns that emerge from the interaction between one’s own
sound and movement patterns and those of co-performers and the audience.
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A multi-level framework for expressive gesturing in time
Based on the above concepts, it is now possible to present the multi-level
framework for expressive gesturing, which I used as a background for my stud-
ies. Given the action repertoires and the constituting sensorimotor schemes,
the above theory states that humans are able to control and communicate mu-
sical intentions in performance. However, managing the continuous encoding
and decoding stream that is established during performance poses a consid-
erable challenge, because a lot of sensory information has to be processed. A
supplementary difficulty is that this processing does not operate in a linear or
continuous manner: Alperson (1980, p.408-409) notes that “despite the fact
that tones are presented to perception progressively in time and that their
duration is relatively short, we are nevertheless able to assimilate a series of
discrete tones and perceive larger musical units as unities. That is to say, mu-
sical perception is a synthetic activity.” These musical unities is what Schaeffer
(1966) identifies as sonic objects (objects musicaux), which are fragments of
musical sound, typically in the 0,5 to 5 seconds range, that we holistically per-
ceived as meaningful entities. This synthetic activity does not only takes place
in our perception and production of sound, but also in our perception and pro-
duction of movement. As already has been pointed out in previous paragraphs,
the continuous stream of sound and motion we perceive gets re-organised (or
well-coordinated as Barenboim would probably describe it) in separate units
or percepts. Because of our action-oriented ontology, these perceived units
are understood as comprehensive conceived fragments of movement and sound
or coherent actions which Godøy, Jensenius, and Nymoen (2010) call chunks.
This is a term from Miller (1956), who used it to convey the idea that efficiency
in information content can be gained by recoding bits of information to form
packages (chunks of information) that, once learned, can be treated as entities
in memory. For the sensorimotor system, this process of recoding could yield
‘automated’ behavior (Graybiel, 1998). But, chunks are not just a regrouping
of information but can be understood as centred on goal-points (i.e. a point
where we want to arrive) and therefore meaningful. In music, we could under-
stand these goal-points as important events such as downbeats, various accents
or particular significant notes. Within these chunks, small-scale movements
and sounds are merged or fused into more superordinate actions or gestures, a
phenomenon described as coarticulation (Godøy, 2014a). As a consequence of
coarticulation, goal-points are always included in some kind of continuous mo-
tion trajectory, but we will nevertheless tend to associate continuous sensory
information with distinct action-units (Godøy, 2010) or gestures. Hence, there
are elements of discontinuity introduced in our continuous encoding and de-
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coding activities. The movement trajectories towards these goal-points can be
seen as prefixes, the trajectories from these goal-points as suffixes. The idea of
prefixes and suffixes also addresses the problem of sometimes unclear bound-
aries between action chunks, as prefixes and suffixes may very well overlap.
Therefore, modelling chunks as a series of prefix-goal-point-suffix constella-
tions addresses both discontinuous action chunks and continuous movement
trajectories.
In that sense, chunks could be seen as units that serve as solid building
blocks defining a spatiotemporal grid in music. To be musically meaningful,
chunking has to be done in relation to sonic features. Typically, it is related
to meter or repeated cyclic motion, as has been shown in the topological
gesture analysis of dance and music patterns (Leman & Naveda, 2010; Naveda
& Leman, 2010). However, chunking should not be constrained to regular
metrical music or isochronous time-intervals, rather it defines the significant
timing level of planning and executing actions, and, in line with Schaeffer’s
sonic objects, the most salient timescale for music perception. The chunk
level of timing, in that sense, is comparable with the referent time period in
the entrainment dynamics. It is the level which anchors the perception and
production of gestures. When manipulating the timescale in which gestures
are performed, so-called phase-transitions can occur. For instance, if an action
chunk is slowed down beyond a certain threshold, it will tend to become split
into the singular constituting actions, and conversely, if single actions are
speeded up, they tend to become fused into one coarticulated gesture. Said
otherwise: timescales are crossed by varying the rate and/or duration of the
actions and the associated sounds. As Godøy et al. (2010, p. 4) notes, this
leads to a three-level framework of timescale for musical gestures:
• Sub-chunk level: The continuous movement trajectories and the cor-
responding continuous perception of sound
• Chunk level: The timescale of salient action units or gestures
• Supra-chunk level: The timescale of larger contexts such as sections,
movements and tunes, where we have concatenations of several chunks.
The fact that chunks are coupled with holistically perceived units of sound
and movement patterns in terms of executable actions is important for our
engagement with music: it makes the complex patterns constituting music
understandable and manageable. It has already been illustrated in previous
paragraphs that we can acquire repertoires of gestures and actions, which are a
set of sensorimotor schemes that enable the automated execution of an action,
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once the intended action is initiated. In fact, “chunking liberates cognitive
resources so that attention and processing capacity may enable a person to
carry out a mental activity and a bodily activity simultaneously. This implies
that an action for the next chunk can be planned while the performance of
the current chunk is ongoing” (Leman, 2016). However, while programmed
chunks of movement can be initiated and executed in a (semi-)automatic way,
this seems not possible for patterns at the supra-chunk level. They operate
at a much larger time-scale, which poses limits to our processing capacity
(Miller, 1956). Moreover, it seems not beneficial to collapse all patterns into
chunks. We need to ‘select’ which sequences to recode in this form, because
the behavioral chunk, once formed, may be difficult to break apart. This ex-
cludes error-feedback or conscious manipulation (Graybiel, 1998), which might
not be beneficial in a live performance context, as it exludes the interaction
with the environment. This limitation has important implications because
music contains different time-scales and hence will engage different predic-
tive mechanisms. Sensorimotor prediction as described above may work well
for sub-chunk and chunk level expressions (such as note articulations), but
it can be assumed that reliable predictions at the supra-chunk level (such as
phrasing) are more difficult to maintain. Consequently, a distinction should
be made between the mechanisms engaged in controlling and communicat-
ing short-term and long-term parameters for expression when studying music
and especially music performance. As opposed to the prediction and error-
correction loop that is established at the chunk level, performers would need
a different continuous feedback loop to control long-term expressions such as
phrasing or the creation of musical tension. Yet, also at the sub-chunk level,
sensorimotor prediction cannot operate in terms of distinct actions, as the
movements and sounds at this level cannot be perceived as goal-directed. In
order to understand this, a dynamic, phenomenological approach to expression
and interaction in music performance is required.
1.1.4 Expression and interaction in music performance:
a dynamic approach
When trying to understand our expressive interaction with music as emergent
patterns in time, I argue that a phenomenological approach to musical time is
crucial. In that context, J.T. Fraser’s model for a human experience of time
is useful when considering our interaction with music and the ways in which
music is structured in its temporal unfolding. He writes that “with the mental
enrichment of the present with memory of the past and expectations of the
future, the human experience of time can be understood with reference to an
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existential tension between permanence and change, duration and succession,
stasis and process, and to the balance between the various pairs of conflicting
opposites that can be collected under the terms being and becoming” (Fraser,
1990, p.44). This phenomenological approach touches the changes in the bal-
ance between the present state or action, previous actions, and the actions
that are going to follow, which are perceived as inherent in the musical ma-
terial across short-, medium-, and long-term durations. It can be argued that
a performance unfolds in constant consideration of how the music just played
must be woven into its continuation, in other words: how patterns emerge in
the moment of performance, transcending the sub-chunk and chunk level in
performance. In my view, this opens up to a dynamical perspective on mu-
sic performance, where global patterns (such as phrasing and expressive arcs)
emerge from local interactions between the single elements constituting per-
formance (such as musical notes, the chunking of these notes and performer’s
gestures). In addition, it is important to note that these interactions cannot be
‘programmed’ beforehand or completely predicted. Rather, the global pattern
emerges out of interactions at the local level. This is in line with a dynamical
perspective on how the brain and the body are self-organized when dealing with
pattern formation. The assumption here is that “the creation and evolution
of patterned behavior at all levels - from neurons to mind - is governed by the
generic processes of self-organization, [where] both human brain and behavior
are shown to exhibit features of pattern-forming dynamical systems” (Kelso,
1995). This dynamic pattern forming occurs in the interaction of individual
performers with the emergent sound and movement patterns in performance,
but also in the interactions between performers and between performer and
listeners. Also, the context in which a performance takes place is crucial, as it
will obviously interfere with the emergent interaction dynamics.
I believe that theories of musical expression that focus on predictive aspects
of music and expressive intentions of performers currently miss a vital aspect of
expression in music, namely the possibilities for on-the-spot creation and imag-
ination. Indeed, expression does not only emerge from the causal mechanisms
that translate expressive intentional states into emergent expressive patterns.
Expressive interactions with music also happen when the musical patterns
originating from the expressive intentions of the performer are coupled with
the emergent, unpredictable and unintentional dynamic interactions in perfor-
mance. This is why even when performers share a structural interpretation,
“there may be significant differences between performances which are hard to
explain in any formal manner”, as Windsor (2009) notes. I would therefore ar-
gue that expression not only comprises the enhancement of predictive power of
patterns in music (for which entrainment, sensorimotor prediction and chunk-
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ing are responsible), but also has a complementary, emergent quality whose
power does not lie in prediction but in the (unintentional) interaction dynam-
ics. The reason we engage with music then, I believe, lies in the dialectics
between the predictive component and the uncertain component. This is why
today, some repertoire is still performed (and listend to) over and over again,
without losing interest from the performer or audience, and without ever being
“the same” (Barenboim & Riemen, 2010).
1.2 Research questions
Taking the multi-layered framework of musical expressive gesturing as a start-
ing point, the goal of this dissertation is to understand how musical expression
draws on the both predictive components and indeterminate components.
The existing theory of coarticulation and chunking poses some considerable
challenges and questions for musicological research. Chunking can be found in
most cases of human action and has been studied in many disciplines, but most
prominently in linguistics (Hardcastle & Hewlett, 1999). Evidence for chunk-
ing in music performance has been found in studies on playing scales in piano
performance (Van Vugt, Jabusch, & Altenmu¨ller, 2012) or tapping by musi-
cians (Loehr & Palmer, 2007). Some studies have addressed coarticulation in
music performance (S. Dahl, 2005; O¨stersjo¨, 2016; Rasamimanana, Bernardin,
Wanderley, & Bevilacqua, 2009; Wiesendanger, Baader, & Kazennikov, 2006),
but research that does this is rather scarce. Moreover, most studies dealing
with the perception and production of gesture and music-related actions have
been focussing on the chunk-level of timing, in line with Godøy’s argument
(2010; 2012) that the chunk-level is the most significant in our interaction
with music, and that the sub-chunk and supra-chunk level of continuous or
concatenated movement are less important. In this dissertation, I will argue
for the complementary role that sub and supra-chunk levels play in the ex-
pressive interaction with music, and that these levels are the pre-eminently
ones if we want to look at dynamics between prediction and indeterminacy. I
contribute to this problem by presenting 6 studies which, together, integrate
the three levels of timing as described in the multi-layered framework above.
Each level in itself addresses different research questions regarding the control
and communication of expressiveness, on which I will elaborate in the next
paragraph.
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1.2.1 Sub-chunk level
The sub-chunk level deals with the movement trajectories in between the goal-
points or chunks in performance. The question here is whether these trajec-
tories contribute to sensorimotor prediction, and if they do so, how. Leman
(2016) argues that sensorimotor schemes can deal with a continuous coupling
between motor patterns and sensory outcomes which facilitates prediction. In
practice, however, studies dealing with movement and sensorimotor prediction
have mostly focused on sensory-motor synchronisation and the associated tap-
ping tasks. Here, being synchronized on the beats is the preset goal, and the
process is explained by models that focus on phase- and period correction.
Some scholars already integrated a dynamic approach in their models (Jones
& Boltz, 1989; van der Steen & Keller, 2013), or proposed an alternative model
of emergent-based timing as opposed to event-based timing (Torre & Balasub-
ramaniam, 2009; Zelaznik et al., 2005) but in the existing literature, there are
few studies that focus on what happens in between the synchronized beats or
goal points.
At this sub-chunk level, continuous motion trajectories are perceived. Bal-
asubramaniam, Wing, and Daffertshofer (2004b) already found that movement
trajectories contribute to movement timing. We could therefore expect that
a continuous feedback loop can be established between action and perceived
outcome, which would allow for a better control and prediction of timing.
Moreover, by means of gestures, tasks related to timing could be outsourced,
which would lead to a better control of timing. This hypothesis was tested in
Chapter 3. Furthermore, studies that address the role of sub-chunk movement
trajectories in musical communication are lacking as well. If a continuous feed-
back loop between perception and action can be established at the sub-chunk
level, this implies that observing someone’s expressive gestures as a trajec-
tory between goal-points will enable the prediction of the expressive timing of
co-performers. This question was also addressed in chapter 3.
We could address the issue of sub-chunk movement trajectories even more
radically. What if we discard the timing framework that is provided by the en-
trainment dynamics (beats and Inter-Onset Intervals) and just take the move-
ment trajectories into account? Will these movement trajectories without
timing framework markers provide sufficient information for the communica-
tion of expressive intentions such as timing and tempo? Can sensorimotor
prediction be established at all under such constraints? We deal with this
question in Chapter 4 where we attempt to provide evidence for a dynamical,
continuous feedback-based control of timing.
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1.2.2 Chunk-level
Of the three levels in the proposed framework, the chunk-level is the level
that has been studied most profoundly in music research. It is the level where
entrainment takes place, and where movements are combined in meaningful
units that we conceive as stored actions in our brain. In the theory of motor
programming (Kawato, 1999; Windsor, 2009) it is suggested that in a musical
context, an individual performance is derived from a mental representation
of sequences of actions, often organized hierarchically. If we add to this the
concept of entrainment, we have a recipe for generating an infinite number of
performances from a single motor programme, with the timing of one hierar-
chical level directly controlled. Given that, it is clear why performances by the
same performer are surprisingly consistent in timing microstructure, showing
remarkable durational similarity, even when recorded at different times (Repp,
1992). Moreover, patterns of expressive timing reflect the hierarchical metrical
and timing structure of the music (Windsor, 2009, p.325).
The question here is what will happen if we manipulate this level of en-
trainment and hence, challenge the stable movement dynamics provided by
the chunk-level? In musical terms: what will happen if we change the tempo
of an established performance and will this affect the movement strategies of
performers? Based on studies of musical tempo, some scholars have argued
that expressive timing stays relational invariant across different tempi (Repp,
1994a) but this claim has been challenged by many other scholars, claiming ex-
actly the opposite (Honing, 2007; Repp, Windsor, & Desain, 2002). Moreover,
it has been suggested that, similar to entrainment dynamics, phase-transitions
can occur also in movement behaviour, and that those phase transitions should
be visible in the action chunks (Dalla Bella & Palmer, 2011; Godøy, 2009; Mo¨rtl
et al., 2012). However, until now, studies that deal with tempo changes in mu-
sic performance have only looked at a limited range of tempi. In contrast, in
my doctoral research, I conducted two studies that take into account a whole
range of tempi. However, based on previous studies it is not clear if a different
motor program will be involved if the tempo changes, and if, in line with the
attractor dynamics in entrainment, stable performance states can be reached
in terms of movement dynamics when radically changing the initial tempo.
Moreover, it is not sure if these states are detectable at all. Based on our the-
oretical framework, we hypothesised that changing the tempo of a performance
will challenge the initial motor program and, consequently, also the associated
action repertoire and body scheme. This hypothesis is addressed in Chapter
5, where we manipulate the entrainment grid associated with the chunk-level
by means of changing tempo, which adds an indeterminate component to the
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performance model and hence puts the chunk-level in a dynamic perspective.
In the next chapter, I elaborate more on this. If specific movement tra-
jectories and gestures are associated with a certain stable performance state
connected to tempo, these movements should be informative about expres-
sive intentions related to tempo. London et al. (2016) indeed have found that
bodily movements of dancers on motown music can influence our perception
of tempo. Questions related to tempo are omnipresent in all musical genres
and styles, especially in music without specific tempo-indications. In Baroque
dance music, discussions among dancers and performers are ongoing when
it comes to finding the tempo which evokes the right expressive quality for
the dance. In that sense, movement of dancers could provide immediate in-
formation for musicians because of pre-reflective coupling of body movement
with expressive outcomes. Moreover, changing the tempo of the music would
challenge the movement patterns of the dancers as they would have to adapt
their entrainment strategies. In chapter 6, we test this in two complementary
studies.
1.2.3 Supra-chunk level
This last level deals with how performers manage larger musical structures
and communicate longer musical patterns. To do this, they are not able to
rely on sensorimotor schemes alone, as this mechanism deals with prediction
and planning of action at the chunk-level. However, communicating musical
expression is possible because of encoding and decoding processes that are
based on a thight coupling between predition, perception and action at this
chunk-level (Leman, 2016; Maes et al., 2014). These encoding and decoding
processes assume that there is shared embodied knowledge that enables the
communication of musical expression (Leman, 2007; Lerdahl & Jackendoff,
1983; Prinz, 1990). This shared embodied knowledge is the reason why we
can communitcate musical expression by means of body movement, which is a
core aspect of the enactment process in music. If expressive interactions with
music rely on the dialectics between action repertoires, sensorimotor schemes
and interactions with the sound and movement patterns we perceive in music
in terms of action, how can we understand musical expression that transcends
the chunk-level? In chapter 7, I try to answer this question by looking at how
the body movements of the performer get encoded into longer sound patterns
and how these sound patterns are decoded in terms of body movements by the
listener. This way, it is possible to see whether this encoding and decoding
process transcends the chunk level and can reveal a shared embodied knowledge
between performer and listeners over larger structures (supra-chunk level) as
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well.
However, in order to understand how musicians mange these larger struc-
tures in performance, again, a dynamical perspective on music performance
should be adopted. How can the larger structures that we perceive emerge
from the dialectic interaction between body schemes, perceived and produced
sound and movement patterns, and planned and perceived action outcomes,
in an environment that contains indeterminate components? I address this
question in chapter 8, where the composition Austerity Measures I introduces
a challenging and changing context in performance, where indeterminate and
predefined components interact with each other. How does this context influ-
ences the sound and movement patterns in performance on smaller and larger
time-scales? What is the role of established body schemes on the one hand
and how does changing musical material challenges these body schemes? I
tried to answer these questions in the last study presented in this thesis.
1.2.4 Summary
In Fig 1.3, an overview is given of the different studies presented in this thesis,
and the aspects of the theoretical framework they comprise. Chapter 3 and 4
account for the expressive interactions at the sub-chunk level, chapter 5 and 6
deal with the dynamic interactions at the chunk-level and finally, chapter 7 and
8 look at how musical expression gets embedded in larger musical structures.
With this thesis, I provide a number of studies that can be read on their
own, each touching aspects of expressive music performance that relate to the
hierarchical framework presented above. But, before presenting these studies,
I will introduce the methodologies I used to address the sometimes challenging
research questions I posed in the introduction.
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Figure 1.3: Overview of the structure of the thesis
Chapter 2
Methodologies
In order to answer the questions posed at the end of the previous chapter, two
different complementary approaches were used in my doctoral research. The
first approach comprises methodologies that can be considered as bottom-up:
these methods are based on measurements of physical quantities and they typ-
ically lead to objective data about our object of study. The second approach
comprises methodologies that can be considered as top-down: these methods
are based on probing subjective experiences and they typically lead to sub-
jective measurements. Sometimes a distinction is made between quantitative
data and qualitative data. However, quantitative data can be discussed from a
qualitative point of view, and qualitative data can be quantified. We therefore
prefer to speak about objective and subjective data, as both can be qualita-
tively and quantitatively approached. The most challenging part is to bridge
the gap between both approaches and develop a methodological framework
where both approaches meet. Finally, the aim was to come up with a model
for music research which takes into account the performance practice on the
one hand, and the empirical, behavioural approach on the other, and where
top-down and bottom-up approaches are interwoven with each other.
2.1 Combining top-down and bottom-up per-
spectives on expressive peformance
In my dissertation, I acknowledge the important role of gesture in expressive
music performance. The question arises how we can access the meaning of
those gestures through the physical appearance of body movement. On the
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one hand, the advent of new technologies, such as infrared motion capture, has
allowed researchers to observe human movement in detail, extracting precise
tridimensional data and kinematic features of bodily movement. This brought
about a corpus of studies where motion analysis is based on the computation
of several low-level descriptors for movement features that could be linked with
musical expression. This approach has often been described as a bottom-up
or “third-person perspective” on music analysis (Leman, 2007). The third-
person perspective means that there is an observer, who is not involved in the
performance. In principle, the third person could be a machine observing the
performance (as in video and movement monitoring).
On the other hand, gestures in music performance can be accessed by
means of high-level verbal descriptors of phenomenological experiences of plea-
sure, emotions , or musician’s intentions. These high-level verbal descriptions
play an important role in our daily interaction with music, as it is the typical
way in which performers and audiences naturally communicate about music.
Leman (2007) refers to these descriptions as a “first-person perspective” on
music experience. However, in his approach, the description of the experi-
enced responses to music can be verbal and non-verbal. Typically, non-verbal
responses are bodily articulations that are the expressive response to a given
musical stimulus. However, these experiences, when they percolate to the sub-
ject’s bodily awareness in relation to the external world, easily lead to verbal
expressions about these experiences. In that sense, the first-person descrip-
tions can also be verbal, and they have a strong embodied and experiential
character resulting in intention-based and symbolic/linguistic expressions. In
the analysis of music performance, this subjective approach has been explored
in the studies of J. W. Davidson (2007, 2012); Ginsborg, Chaffin, and Nichol-
son (2006); King (2006); King and Ginsborg (2011); Leech-Wilkinson and Prior
(2013); Williamon and Davidson (2002). Here, musical gestures are accessed
mostly by means of verbal descriptors, which leads to conscious reflections on
the body movements of the performer.
Because of the dual character of the first-person perspective (bodily and
verbal), it can be assumed that gestures can provide a useful bridge between
the mental/subjective experiences of the performer (or listener) and the direct
observable physical world. In order to understand the meaning and function of
these musical gestures, some researchers have attempted to make classifications
of gestures. Christophe Ramstein (1991) proposed an analysis of instrumental
gestures through three approaches:
1. A phenomenological approach (a descriptive analysis)
2. A functional approach
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3. An intrinsic approach (from the musician’s point of view)
Especially the second approach has been explored and elaborated in many
studies and theoretical papers (Cadoz & Wanderley, 2000; Godøy et al., 2012;
Jensenius, 2014; Jensenius et al., 2010). This has led to gesture typologies and
a classification of gestures that makes the rough distinction between sound-
producing, communicative, sound-facilitating and sound-accompanying or an-
cillary gestures (S. Dahl et al., 2010; Jensenius et al., 2010). The functional
approach is useful especially in the study of human-computer interaction and
provides a general guideline for the design of gestural devices.
It has been acknowledged, though, that for artistic performances, it is
not always straightforward to classify gestures according to independent func-
tions, since they may be interrelated (Cadoz & Wanderley, 2000), but also
because gestures might not always immediately relate to a predefined function
from the set framework. In that sense, the phenomenological and the intrin-
sic approach could provide an alternative or complementary perspective on a
gesture analysis that aims at capturing the second-person perspective. In a
phenomenological approach, one would study gestures from the viewpoint of
their physiological appearance, such as Godøy and colleagues (Godøy, 2009;
Godøy et al., 2012) have done when making the distinction between sustained,
impulsive, and iterative gestures, though the latter also implies a top-down
category on the gestures observed. The intrinsic approach considers gestures
from movements acted out by the performer in a specific musical context in
interaction with the affordances of the instrument and environment. In that
perspective, the performer’s voice is an indispensable aspect in the analysis. I
believe that a combined phenomenological and intrinsic approach could lead
to a radical change in the practice of performance analysis.
The practice of performance analysis is well-established in the domain of
artistic research, but in most behavioral studies on music performance, the
input of musicians and performers is often limited, not to say completely absent
(Windsor, 2009). In recent years, there have been attempts to develop a
‘musicology of performance’ (Rink, 2015) and together with that, a range of
methodologies supporting this kind of research were developed. John Rink,
however, makes a fair point when he states that a lot of performance-analytical
research has fallen short to make musically meaningful conclusions or has failed
to make the connection between the concerns of the researchers and performers
involved. Moreover, he argues that the applied methodologies put too much
emphasis on a musical structure that is a priori to performance, and the main
role of the performer as a reproducer of this structure. When focussing on
music’s temporal nature, musical structure is constructed during performance
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and can be seen as a process that emerges in the unfolding of the performance
in time. This puts the emphasis on the role of the performer who shapes the
music through the ongoing interaction. In this shaping, the physical actions of
the performer inform our analytical awareness and are indicative of potential
important performance elements (Rink, 2015, p. 145).
Jane Davidson also emphasizes that “the performer has more to offer in the
empirical investigation of performance expression.”She acknowledges that this
investigation implies the use of a mixed-methods approach, which “involves
techniques such as juxtaposing objective measurements of one variable against
observed qualitative data. That approach may seem less justifiable within
a more scientific framework of quantitative techniques. However, it offers
rich interpretation and inference”(J. W. Davidson, 2014, p. 346-347). Music
performance and especially the collaboration with performers offers a great
potential for music psychology research to gain insights into the wider practice
of expressive performance and the human interaction with music.
Artistic practice has also been increasingly adopted as a complementary
research method for the arts and humanities, leading to mixed, interdisci-
plinary methodologies. Recent studies indeed have made an attempt to close
the gap between bottom-up and top-down methodologies in music performance
research, by applying a performer informed analysis (Desmet et al., 2012) or us-
ing methodologies from practice-led research techniques (Smith & Dean, 2009;
Visi, 2017). This practice acknowledges the performer’s voice as a central el-
ement of musical expressivity, but it is methodological challenging. It implies
that we have to take into account the composer (as the conceiver of the musical
structure), the performer (the one who enacts this structure) and listener (the
one who perceives this enactment, and therefore, also plays a role in it) in their
interaction with the musical work in a larger musical practice. This musical
practice could be the “performance space”, within which the music can unfold
in time and space and within which musical meaning can be created through
the emergence of interactions between performer, musical material and the
environment. This artistic approach challenges our traditional research meth-
ods and analisys frameworks. To deal with this challenge, I propose a mixed
methodology in this dissertation. My use of quantitative methods is mostly di-
rected towards the description of direct physical appearances and summaries
of subjective probes (e.g. questionnaires). With the qualitative methods, I
tried to account for a phenomenological approach on the one hand (direct per-
ception of events) and to introduce an intrinsic approach in our research on
the other hand.
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2.2 Objective Data
2.2.1 Data Aquisition and Feature Extraction
If we want to study music performance as emergent patterns that are con-
ceived as expressive musical excerpts, a first concern is to understand how
these patterns occur in the physical world. In order to do so, we use quan-
titative measurements, as these can reveal underlying structures and features
of the performance which can not be directly perceived when just watching
the performance. As musical gestures are an integral part of the emergent
patterns that expressive performance consist of, we not only comprised audio
analysis in our methodological framework, but also the measurements of bod-
ily movement, which could be considered as the way gestures appear in the
physical world.
Audio
Our main interest lies in expressive patterns in music performance and there-
fore, a first challenge is to extract the timing of sound onsets and the additional
Inter-Onset-Intervals (IOIs) of the performed music. To extract timing from
performance recordings is more challenging than one would expect in the first
place, although there are some useful methods and technologies available. A
rather easy and straightforward way to measure onset times of performers is
using a Musical Instrument Digital Interface (MIDI) protocol. MIDI is often
implemented in digital piano’s and it provides onset time and key velocity.
However, studying real performances implies using different (acoustic) instru-
ments, for which no MIDI-interfaces are available. In those cases, researchers
have to rely on audio recordings to detect onset time and other expressive per-
formance parameters such as dynamics and articulation. An easy and reliable
method is to do manual onset detection, using waveform-visualization soft-
ware such as Sonic Visualiser (Cannam, Landone, & Sandler, 2010), or Praat
(Boersma & Weeninck, 2015). Praat analyzes pitch and intensity automati-
cally and provides a spectrogram notation visualization, with parallel audio
feedback. The use of this program makes it relatively easy to locate the onsets
with a precision of a few milliseconds when using recordings made with con-
tact microphones. However, when dealing with large datasets, this method can
be very time-consuming and therefore, automatic onset detection algorithms
can be used as an alternative. The accuracy of these algorithms, however, is
strongly dependent on the instrument(s) to be analysed, and in all cases, hu-
man judgement is required to come to a reliable annotation (Goebl, Dixon, &
32 CHAPTER 2. METHODOLOGIES
Schuert, 2014). Especially when recording non-percussive instruments (voice,
bowed string instruments), manual onset detection is still more favorable than
automated algorithms. As I mostly studied bowed string-instrument perfor-
mances, we relied on manual onset detection using Praat in chapter 4,5,6 and
8, and Sonic Visualizer in chapter 7. To analyze the evolution of the tempo,
not all onsets are required, but only the onsets that occur on the downbeat of
the music (Goebl et al., 2014). In Chapter 6, this was done by tapping on a
keybord, along with the music and with the scores at hand to folow the music.
From the IOIs, some features can be extracted that describe the perfor-
mance in terms of timing patterns. Emergent timing patterns in music perfor-
mance consist of two dimensions: the horizontal and vertical one. The hori-
zontal dimension comprises the timing of successive onsets within each voice or
instrumental part (Keller, 2014). From this, global tempo expressed in beats
per minute (BPM) or frequency (Hz) can be derived. Variability in the hor-
izontal dimension includes local changes in tempo, for example when slowing
down at the end of a sequence, playing tempo rubato, or when fluctuations
in tempo are induced by the natural motor variability of the performers or
intentional varying metric accents and non-accents (Palmer, 2013; Repp et al.,
2002; Stergiou & Decker, 2011). The variability of IOIs (Standard Deviation
of the IOIs) is a good measurement to describe the stability of the horizontal
timing of the performance. Correlations between the IOI patterns of the two
participants in each dyad provide a measurement of period adaptation between
participants during duet performance. I compared dyad’s IOI series at lags
of +1 an -1 IOI in chapter 3 to examine how much one participant adopts
to the previous IOI of the other (Goebl & Palmer, 2009b; Loehr & Palmer,
2011; Palmer, 2013). In chapter 3,4,6 and 8, IOIs and the features that can
be derived from it were an important focus to extract expressive intentions in
the music.
The vertical dimension considers the temporal relationship between sounds
that are (or should be) synchronous in the musical texture. This can be quan-
tified by computing the asynchronies between sounds. Signed asynchronies
(positive or negative) indicate which part is leading in the texture, and ver-
tical timing deviations are equally responsible for the creation of “groove”in
music. However, variations in the horizontal domain can influence the vertical
relationships. To eliminate this factor, relative asynchronies can be calculated
using circular statistics (Fisher, 1995), which is implemented in a toolbox for
Matlab (Berens, 2009). In this method, asynchronies are calculated in rela-
tion to the previous and next IOI and are expressed in degrees. 0◦ means
that the onsets occur simultaneously, 180◦ (or −180◦) means that performers
are in anti-phase. As with asynchronies expressed in milliseconds, the sign
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of this phase angle indicates which part of the structure is ahead. For the
total performance, this results in a distribution of relative phase angles. Such
a distribution can be described with the mean resultant vector, which has a
phase angle and a length. The angle corresponds to the mean relative phase
or synchronisation accuracy. The larger the absolute value of the angle, the
bigger the asynchrony. The sign of the angle indicates the mean direction
of the asynchrony. The length of the vector, |R|, is a measure for the mean
phase coherence of an angular distribution. Values can range from 0 to 1. |R|
reaches the value 1 if, and only if, strict phase locking is maintained, i.e. if all
onsets are performed with the same relative asynchrony between the layers.
This means that even though the mean asynchrony between taps can be large,
|R| can still be very high if the phase angle between the taps stays the same.
In other words, |R| expresses if the vertical relationship between the horizon-
tal layers in the musical structure stays stable or not. In chapter 3, circular
statistics were used to calculate asynchronies, while in chapter 4, the regular
way of calculating asynchronies was used.
Other interesting variables can be calculated from the sound, such as the
envelope of a sound wave or the Root-Mean-Square (RMS). Both are indicative
of the loudness of the sound and are very relevant if we want to get information
about the course of the sound energy during performance. These features can
reveal sound trajectories over time. Therefore, they can be easily coupled to
movement trajectories. In the study of so-called sound-tracing, (i.e. drawing
the shape of the gestures you feel corresponding with the sounds you here),
movement trajectories have been directly linked with musical parameters such
as dynamics and musical onsets (Godøy, 2010). In chapter 4, we used the
energy of the sound to couple it with the movements of conductors in order to
find parallels between sound and gesture.
Motion
Many technologies are available these days to measure detailed bodily move-
ment (Goebl et al., 2014). One of the most commonly used methods is Motion
Caputure (MoCap). Menache (2011) defines this as “the process of record-
ing a live motion event and translating it into usable mathematical terms by
tracking a number of key points in space over time and combining them to ob-
tain a single three-dimenstional (3D) representation of the performance.”With
infrared MoCap, reflective (or active) markers are placed on different parts of
the body and are registered with the use of infrared cameras and customized
software. The advantage of this technology is that it allows researchers to
observe human movement in detail, extracting precise three-dimensional data
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and kinematic features such as velocity and acceleration. However, this yields
large datasets that are often challenging to process, analyze and interpret
(Jensenius et al., 2010). In the studies comprised in this thesis, two systems
that implement this technology were used: Optitrack (https://optitrack.com/)
in chapter 3,4,5 and 7, and Qualisys (https://www.qualisys.com), which was
used to collect part of the data in the study presented in chapter 7. Next to
MoCap, other devices and technologies can be used to capture human bodily
behaviour. With Wii-motes, we can track 2D-position in space (chapter 8),
and with the Music Balance Board (a device developed at IPEM), we can
measure the change of weight and the motion of the point of gravity (Lesaf-
fre, Moens, & Desmet, 2017) (chapter 5 and 8). Also, video footage can be
used for the quantitative analysis of musician’s movements. This was done
in the studies presented in chapter 6 and 8. In the latter, the 2D-position of
musician’s body parts were extracted with Physmo (Barraclough, 2011) and
relative velocity and acceleration could be calculated.
From positional data, specific features can be derived that are indicative
of expressive intentions. Acceleration and velocity profiles have shown to be
useful in the study of musical timing (L. Dahl, 2014; Goebl & Palmer, 2009b;
Luck & Sloboda, 2008) and Quantity of Motion (QoM) has been related to
expressiveness and features of the bass (Camurri, Mazzarino, & Volpe, 2004b;
Van Dyck, Maes, et al., 2013; Van Dyck, Moelants, et al., 2013). More ad-
vanced processing of movement data can reveal otherwise ‘hidden’ behaviour
related to musical expression. Fourier transformation of positional data can re-
veal periodic behaviour in body movement, which on its turn can be related to
metrical structures in the music. This was done in chapter 5. Another related
feature is Periodic Quantitiy of Motion, which combines the more widespread
Quantity of Motion with periodicity analysis (Visi, 2017). This feature was
used in chapter 7 to compare musical expression of an expert violinist with
the bodily responses of listeners.
All technologies and methods described above provide movement data in
the form of mathematical time series. In a way, this is the most objective
observation we can obtain from bodily behaviour of musicians, but this type
of data implies some severe challenges. First of all, it generates large and often
complex datasets. Moreover, as we deal with music performance, we naturally
have to deal with continuous time-varying parameters such as tempo (Windsor
(2009), and this might cause issues of comparison between the time series. Last
but not least, it is sometimes hard to translate these mathematical features
into a meaningful musical interpretation.
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2.2.2 Dimension reduction and clustering
Analysing music performance from a multimodal perspective provides the chal-
lenge of large and complex datasets, especially when dealing with motion
capture data. To reduce the dimensions of large datasets in order to make
the interpretation of results easier, several dimension-reduction techniques are
available. In my dissertation, the two methods I used are Functional Data
Analysis (FDA) and Self-Organizing Maps (SOM).
Functional Data Analysis (FDA)
A first method I applied is Functional Data Analysis (FDA)(J. O. Ramsay &
Silverman, 2005). In this method, a continuous function based on b-splines, is
fitted to the discrete data stream. This allows to represent discrete data with
just one function, and in that sense, it reduces the dimensionality of the data.
This continuous function can be resampled at a different rate than the original
sampling rate of the data, and re-aligned with other data streams of perfor-
mances that may have originally contained different numbers of measurements,
due to differences in tempo or sampling rate. Another advantage that FDA
methods offer is the identification and highlighting of motion landmarks (such
as points of minimum velocity) that may be lost with the application of tradi-
tional filtering and smoothing methods. In summary, FDA can be applied to
smooth, resample and time-warp data next to dimension reduction.
In my doctoral research I used FDA in the studies presented in chapter 5
and 7. In chapter 5, FDA was applied to smooth and time-warp the movement
data of different performances in order to compare the acceleration patterns
of violinists’ head and right wrist. Here, FDA allowed to align and compare
the performances of the musicians in a whole range of tempi. In chapter 7, we
used the methods outlined in Amelynck, Maes, Martens, and Leman (2014) to
reduce the dimensions of the dataset and to smooth data and compare velocity
patterns of participants’ head and right wrist as well. All FDA-techniques were
performed using the FDA-toolbox for R and Matlab, developed by J. Ramsay,
Hooker, and Graves (2009).
Self-Organizing Maps (SOM)
The self-organizing map (SOM) is a neural network that uses unsupervised
learning algorithms to implement an orderly mapping of high-dimensional data
onto a regular low-dimensional grid. It is an effective instrument for the visu-
alization and exploration of high-dimensional data as it can convert complex,
nonlinear statistical relationships between high-dimensional data items into
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simple geometric relationships on a low-dimensional display. SOMs compress
information while preserving the most important topological relationships of
the primary data and therefore, we could think of SOMs as making some kind
of abstraction (Kohonen, 1998).
The SOM usually consists of a two-dimensional regular grid of hexagonal
nodes. Each node contains a model or reference vector, where neighbouring
nodes contain models with high similarity. The SOM algorithm computes the
models so that they optimally describe the original (discrete or continuously
distributed) input dataset. Its computation can be understood as a nonpara-
metric, recursive regression process. The models are automatically organized
(i.e. self-organized) into a meaningful two-dimensional order in which simi-
lar models are closer to each other in the grid than the more dissimilar ones.
In this sense the SOM is a similarity graph, and a clustering diagram, too.
In summary, the two main advantages of using SOMs are visualization and
abstraction of complex data sets. In this dissertation, the SOM-toolbox for
matlab (Alhoniemi, Himberg, & Parhankangas, 2005) was used to apply the
SOM-algorithms for dimension reduction in chapter 5 and 8.
Clustering
A next step in the dimension-reduction process can be clustering. In chapter
5, 7 and 8, I applied k -means clustering. K-means is a clustering method that
aims to assign a cluster to each datapoint and to find a cluster constellation
of k clusters that minimize the Euclidean distance from the data points to
the cluster center. First, the center of all k clusters should be initialized (1).
Then, the closest cluster should be attributed to each data point (2). The third
step is to set the position of each cluster center to the mean of all data points
belonging to that cluster (3). Then, step (2) and (3) should be repeated until
it converges to a local minimum. The algorithm stops when the assignments
do not change from one iteration to the next.
One of the advantages of k-means clustering (compared to for example
hierarchical clustering) is that during the iteration process, data points that
were first assigned to one cluster can be assigned to another one in the next
iteration if this reduces the euclidian distance between the two clusters. A
disadvantage is that the number of clusters should be decided on beforehand
and that convergence goes towards a local minimum, which is not necessarily
the global minimum. Therefore, k-means clustering can generate different
results when running the analysis several times. In my research, I tried to
cope with this problem by running the clustering several times and with a
different number of clusters, after which the Mean Squared Error (MSE) of
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the different cluster groupings was used to decide on a representative clustering
(Ketchen & Shook, 1996)
In chapter 5, k -means clustering was applied on the obtained diagrams of
the SOMs in order to cluster different tempi. In chapter 8, the diagrams of
the SOMs were used to reveal relationships between different gestures, their
combinations and musical structure and phrasing. In chapter 7, I performed
Functional Principal Component Analysis (FPCA) on the dataset before ap-
plying k -means clustering, based on the methods outlined in Amelynck (2014)
and J. Ramsay et al. (2009). FPCA allows to write a signal as the sum of an
average signal f(t) plus a linear combination of a set of functions k(t). The
functions k(t) are called the eigenfunctions. With FPCA, we can try to explain
as much of the variance as possible with a limited set of eigenfunctions. In that
sense FPCA is also a dimension reduction technique. With FPCA, principal
component scores were calculated, which represented the contribution to the
variance of the individual participants. On these scores, we applied k -means
clustering in order to reveal relationships between participants that are not
visible when first looking at the data.
2.2.3 Statistical modelling
Models of performance fall into two main categories: computational models
that seek to simulate observed behaviour, or models that want to test hypothe-
ses about that behaviour (Windsor, 2009). When quantifiable behavioural data
is available, hypothesis-testing is mostly done with statistical methods. Sim-
ply, classical statistics test a hypothesis to see if it is true or not, a methodology
that is widespread among all disciplines that study human behaviour in a sys-
tematic way. Which statistical test to use first of all depends on the design
of the study, but also on the characteristics of the data. Every statistical test
has “assumptions”that must be met before the test can be used. In my doc-
toral research, predicted behaviour was tested with a range of statistical tests,
among whom the frequently used t-test and the repeated measures ANOVA.
It is beyond the scope of this thesis to elaborate more on statistical modelling,
but a detailed description of these and other statistical tests used in this thesis
can be found in Field (2013).
2.3 Subjective Data
In order to integrate the intrinsic approach proposed by Ramstein (1991) in
our methodological framework, several techniques were used to grasp the sub-
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jective experience of the performer.
2.3.1 Questionnaires and interviews
The self-report method is one of the most widely applied methods to assess
expressiveness in music from a subjective point of view. A common practice
to measure subjective experiences is to use questionnaires. These can contain
questions with fixed answers (such as ‘yes’ or ‘no’) or so-called Likert-scales
(Norman, 2010). The latter are typical semi-continuous scales on which par-
ticipants can indicate for example how much they agree with a statement (i.e.
‘Totally agree’ or ‘Totally disagree’). In chapter 6, dancers reported about how
they perceived their own performance in terms of smoothness, synchronization,
precision and expressive character. The advantage of using questionnaires is
that the result is a dataset in which the answers can be easily reduced to nu-
meric variables again. This way, questionnaires can be equally used to apply
test statistics on. However, questionnaires impose specifc answers on perform-
ers and therefore severely reduce the ecological validity of the data obtained.
Another method to capture the intrinsic point of view of the performer
is the interview with open-ended questions. This method is particular useful
if spontaneous responses are required, without priming performers towards a
specific response. Many useful insights can be obtained, but the backside is
that it is methodologically hard to systemize these question, left alone process
and report about the answers in a systematic way. In all studies presented in
my dissertation, but especially in the research reported in chapter 4,6 and 8,
(informal) discussions and interviews have led to fruitful insights, especially
when it comes to interpreting the data of experiments that reveal specific
behaviour. As already mentioned, such methods seem not always justifiable
within systematic empirical research where quantitative techniques are still
predominant, but this offers a richness in interpretation that is hard to reach
when trying to capture subjective experience with delimited questions and
evenly delimited answering possibilities. With this method, more nuanced
answers and out-of-the box creative thinking is possible, and moreover, it
provides a strong guide in the interpretation of phenomenological data, an
important aspect of practice-led research that is often neglected in traditional
music psychology studies (Smith & Dean, 2009; Sullivan, 2009).
2.3.2 Stimulated recall
Next to questionnaires and interviews, another method to asses the subjective
experiences of performers is stimulated recall (SR). SR is an introspective re-
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search procedure through which “cognitive processes can be investigated by
inviting subjects to recall, when prompted by a video sequence, their concur-
rent thinking during that event”(Lyle, 2003). In my doctoral research, I used
repeated video screening as a way to create a deeper awareness of the perceived
performance. In the study presented in chapter 6 I, used this technique in or-
der to judge the performances in terms of percieved expressive parameters that
were defined beforehand (smoothness, rhythmical timing, synchronization and
precision). In the study presented in chapter 8, we adopted the practice of
stimulated recall in a broader methodological framework. Through repeated
screening of video-taped performances, we tried to identify moments of per-
ceived expression in the bodily behaviour of the musician, without defining
the categories beforehand. This was not only done by the performer, but also
by the composer and two musicologist (among whom myself) who attended
the live performances. These moments of perceived expression where then la-
beled using the video annotation software ELAN (‘http://tla.mpi.nl/tools/tla-
tools/elan/’)(Wittenburg, Brugman, Russel, Klassmann, & Sloetjes, 2006).
This allows to detect expressive bodily behaviour from an intrinsic approach
(the viewpoint of the musician), but at the same time from a phenomenolog-
ical approach, as the point of departure was the physical appearance of the
performer in the performance space and how this physicality was perceived.
This way, gestural behaviour could be analyzed without having to adopt a
functional approach. This increases the ecological validity of the performance
analysis and provides a very rich dataset, on which we could apply some of
the quantitative techniques as described above.
2.4 Overview methodological framework
The combination of the methods as described above lead to a multi-layered
framework for performance analysis (Fig. 2.1). This framework comprises a
layer of objective data that can be considered as the bottom-up approach, a
layer of subjective data than can be considerd as top-down, and an analytical
layer which allows to connect the results of the objective and subjective ap-
proaches. The analytical layer functions as a mediator in the interpretation
of the multimodal data. This way, we are able to combine phenomenological,
intrinsic and functional approaches towards the analysis of music performance
in the studies that will be presented in the next chapters.
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Abstract
Bodily gestures play an important role in the communication of expressive
intentions between humans. Music ensemble performance, as an outstanding
example of nonverbal human communication, offers an exemplary context to
study and understand the gestural control of these expressive intentions. An
important mechanism in music performance is the prediction and control of,
and the adaption to the expected and perceived timing. When performing,
musicians are involved in a complex system of mutual adaptation which is not
completely understood so far. In this study, we investigated the role of ges-
tures of musicians in the mediation process of (interpersonal) musical timing
in a duet performance. Therefore, we designed a study were musicians had to
tap a simple melody on a pad using three different movement strategies, with
and without visual contact and in two different tempi. The results show that
gestures can monitor the control and communication of timing which leads to
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a more stable performance, especially in slower tempi and when musicians can
communicate visually. Moreover, expressive gestures may improve the predic-
tion of expressive timing patterns of a co-performer, which suggest that the
body plays an important role in the entrainment process between performing
musicians, and in general, in the communication between humans.
3.1 Introduction
Language is often attributed a privileged role when studying the communi-
cation between human beings. However, human interactions comprise many
modalities next to language, such as spacing, posture and gestures, which are
fundamental in establishing successful and meaningful communication (Levin-
son, 2006; Searle, 1969). Some theories even argue for the existence of a ges-
tural, language-independent universal form of human communication, which
is shared among cultures (Liszkowski et al., 2012; Tomasello, 2008). One of
the advantages of gestural communication is that it enables to convey non-
semantic information, which allows a fast and instantaneous interaction flow
between humans (Krauss et al., 1996; Leman, 2016). Music performance can
be considered as such a direct, gestural involvement, where the flow of sensory
information enables expressive interactions (Leman, 2016). When performing
in music ensembles, musicians often align and coordinate their expressive in-
tentions using auditory as well as visual cues. A key feature in the auditory
domain is the prediction and control of, and the adaptation to the expected
and perceived musical timing. Timing in ensemble performance comprises two
dimensions: the vertical and the horizontal one (Keller, 2014). The vertical
dimension considers the temporal relationship between sounds that are (or
should be) synchronous in the musical texture and can be quantified by com-
puting the asynchronies between sounds. In skilled ensemble performance, de-
viations from perfect synchronous playing often lie between 30 - 50 ms (Rasch,
1979). The absolute (unsigned) asynchronies are useful for providing an in-
verse index of synchronisation accuracy. The sign of the asynchronies (positive
or negative) indicates which part is leading in the musical structure. The vari-
ability of the asynchronies is an inverse index of the precision or stability of
synchronisation (Keller, 2014). But, timing can vary also in the horizontal di-
mension. This comprises the variability of inter-onset intervals (IOIs), which
is the time between successive sounds within each voice or instrumental part
(Keller, 2014). Horizontal deviations include local changes in tempo, for ex-
ample when slowing down at the end of a sequence, playing tempo rubato, or
fluctuations in tempo induced by the natural motor variability of the perform-
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ers (Palmer, 2013; Stergiou & Decker, 2011). So far, timing has been studied
mainly with tapping tasks (or sensory-motor tasks), where participants have
to tap to an external pacing stimulus or a metronome (see Repp and Su (2013)
for an overview).
Performing music together is a far more complex task than simply tap-
ping to a metronome, as it involves complex motor patterns and high-level
cognitive skills. however, we could consider two performers playing a musical
piece together as two oscillators producing a rhythm, which are aligned or en-
trained to each other (Clayton, Sager, & Will, 2005; Leman, 2016). The most
simple example of a music performance would then be two people tapping a
melody together. Deviations in the parameters of the vertical time domain
(phase-alignment) or horizontal time domain (period-alignment), then give a
good estimation of how strong these oscillators are coupled. In summary, when
musicians perform in an ensemble context, they constantly have to monitor,
predict and adapt to their own and co-performers actions, in order to ob-
tain a relative stability in the entrainment dynamics, the so-called attractor
states (Kelso, 1995; Leman, 2016). When a stable state is achieved, the two
performers are aligned, and communication was successful.
Different theories have been proposed to account for the mechanisms be-
hind the prediction and control of timing, such as the time-keeper model (Wing
& Kristofferson, 1973a), where an internal clock generates a pulse that is the
referent for synchronisation. Other theories emphasised the importance of
motor control for timing abilities (Todd, 1999), where (the representation of)
movement is at the basis of timing control. The latter is very interesting when
studying music performance, as music making often (not to say always) in-
volves movement, and music is considered as a multimodal experience that in-
volves auditory, visual, and tactile sensations (Leman, 2007). Previous studies
showed that the gestures of musicians play an important role in the monitoring
of musical expressions and intentions in music performance(Caruso, Coorevits,
Nijs, & Leman, 2016; Coorevits, Moelants, O¨stersjo¨, & Gorton, 2015; S. Dahl
et al., 2010; Leman, 2007; Wanderley, 2002). In solo performance, auditory
cues that are generated are directly coupled with the motor patterns gener-
ated by the musician, which can enhance the control of timing and expressive
properties of a performance(Palmer, 2013). But, in an ensemble context, au-
ditory and motor patterns of multiple agents occur and interfere with each
other. Here, body movements associated with music performance can provide
visual cues as well, which in combination with the timing cues from the audi-
tory domain regulate the coordination and communication between ensemble
performers (Keller, 2014). In short, musicians are involved in a complex sys-
tem of mutual adaptation, communication and timing control that involves
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motor patterning, auditory cues and visual cues. In our very simple example
of the two musicians tapping a melody together, the movements they use to
produce the taps are then constituents of the entrainment dynamics of the two
oscillating rhythms (Leman, 2016).
Up to now, so called sound-facilitating gestures or ancillary gestures (Jense-
nius et al., 2010) has been the main focus of research when it comes to studying
the role of movement in interpersonal timing in ensemble performance. Head
nods, body swaying and gaze patterns play an important role in establishing
and maintaining interpersonal synchrony and leader-follower relations (Keller,
2014). Keller and Appel (2010) for example found that the coordination of
body sway was related with the synchronisation between participants. Ac-
cording to Goebl and Palmer (2009b), pianists’ head movements became more
synchronised when auditory feedback was reduced in the performance. They
also noticed that pianists who were designated as the leader raised their fin-
gers higher and preceded the other pianist in timing. The latter suggest that
not only ancillary gestures, but sound-producing gestures as well can help in
communicating and controlling timing in ensemble performance. This is par-
allel to language communication, where hand gestures have been shown to
convey (semantic) information (Krauss et al., 1996). However, most research
on ensemble coordination consist of manipulating leader-follower roles or the
intended expression of the musicians (expressive vs. deadpan) in order to see
what the outcomes are in terms of movement behaviour (J. Davidson, 1994;
M. R. Thompson & Luck, 2012).
This raises the question how deliberately manipulating gestures will af-
fect the entrainment dynamics of ensemble performance in terms of timing
control and communication. It has been suggested that gesture can facilitate
the prediction of events (Maes, Giacofci, & Leman, 2015) and that move-
ment trajectories are highly relevant for timing control (Maes, Wanderley, &
Palmer, 2015; Morillon et al., 2014; Torre & Balasubramaniam, 2009). In that
sense, gestures work as a clock where movement is controlled by a sensorimo-
tor scheme that accounts for the time-keeping in the interaction. The patterns
that emerge from this gestural behavior provide important information about
the dynamical properties of the cycles within the oscillating system (Balasub-
ramaniam et al., 2004b; Torre & Balasubramaniam, 2009), and hence, they
are an important constituent of the established communication. Therefore, we
want to investigate the role of sound-producing gestures of musicians in the
mediation process of (interpersonal) musical timing in a duet performance.
We designed a study where we start from the most simple example of
musical communication: two musicians tapping a melody together. The mu-
sicians had to tap a simple melody on a pad using three different movement
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strategies (normal tapping, with expressive gesture between taps and with the
least movement possible), with and without visual contact and in two different
tempi. We expect the asynchronies between participants to be smaller when
the participants use expressive movements in between the taps and larger when
they are instructed to use the least movement possible. The difference between
these movement types will be the biggest in a performance context where the
musicians can visually communicate, and less pronounced in a condition where
they are not able to see each other’s gestures. The direction of asynchronies
will show who anticipates whom in terms of timing. We expect that gestures
will help to convey musical time and predict the expressive timing patterns
of a co-performer. Moreover, we expect that adding expressive gestures will
lead to a better control of timing and a more stable performance, especially
in slower tempi. We expect that in the ‘removed visual feedback’ condition,
leader-follower roles will be more hybrid (both lead and follow some times), but
that in the visual condition, leader-follower roles will be dependent on which
performance strategy is applied by the participants, especially in those trials
where they adopt different movement strategies. We expect that participants
who use a gesture will be clearly identified as a leader. We also hypothe-
sized that the variability of IOIs will be dependent on performance strategies
as well. We expect that the tempo will be most stable and maintained best
in the condition where they both use expressive movements, especially when
there is visual contact between participants.
3.2 Methods
3.2.1 Participants
In total, 14 duos (28 participants) of musically trained people with at least 6
years of formal musical training and ensemble experience were tested. They
were between 18 and 50 years old (M= 28), 14 of them were male, 14 of them
were female and all of them were right-handed. Two duos were occluded from
analysis due to technical problems during the recordings.
3.2.2 Materials
With a tapping pad, participants had to trigger tones that they heard through
headphones. The melody they produced was an excerpt from the Pachelbell
Canon, plus a final note to end the sequence (Fig.3.1). Successive taps trig-
gered the successive notes of the melody, so there is a one-to-one relationship of
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taps to note onsets. All bars contain four quarter notes, meaning that for each
trial, both participants produced 33 tones (with the final tone included). Each
participant got one voice (one got the upper voice, the other one the lower
voice). As the two voices in this canon are of equal importance and have an
equal note rate, no hierarchy of leader or follower was induced. To distinguish
between their own taps and those of their co-performer, left-right panning of
the voices was applied. The taps of the participants were recorded with pres-
sure sensors under a tapping pad. These sensors send an instantaneous analog
signal (voltage) to two devices. The first device is a Teensy, which performs
analog-to-digital conversion of this signal, enabling the continuous recording
of the pressure signal on a computer at a sample rate of 1000 Hz. The other
device is an Axoloti, which is a micro-processor. Based on the voltage signal
of the pressure sensors, this device triggers the sound samples that will be
heard by the participants. The triggering is done on the Axoloti itself, with-
out interference of the computer. When the Axoloti triggers a sound sample,
it simultaneously sends a voltage signal to the Teensy. This way, the onset
of the sound samples heard by the participants are simultaneously recorded
with the tapping data, at the same sampling rate of 1000 Hz. On a separate
computer, motion data of head, hand and tapping finger was recorded with an
Optitrack Motion Capture System (6 V100R2 Cameras at a sample rate of 100
Hz). The mocap data was synchronized with the other data using a synchro-
nization trigger that was send to the Teensy. This way, all data streams are
synchronized and recorded on the computer. The whole set-up is summarized
in Figure 3.2.
3.2.3 Design
We would like to investigate the role of three factors in coordinated inter-
personal timing within a duet performance. The first factor is “Performance
Strategy”. Individuals were instructed to tap (i) in a for them comfortable/-
natural way (baseline), (ii) with an additional expressive gesture in between
taps, which resulted in a continuous movement trajectorie between the taps
(gesture), or (iii) using the least movement possible by pushing on the tap-
ping pad without lifting the finger (no movement). This leads to five com-
binations of performance strategies (P1(i)-P2(i), P1(ii)-P2(ii), P1(ii)-P2(iii),
P1(iii)-P2(ii), P1(iii)-P2(iii))). Note that the baseline condition was not com-
bined with the other movement strategies. These conditions were randomised
between the participating dyads, though the baseline condition (P1(i)-P2(i))
was always the first one. The second factor was “Modality”. In one part of
the experiment, participants were able to see each other’s arms and hands (vi-
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Figure 3.1: Musical excerpt used for the experiment. One participant triggers
the tones of the upper voice, the other one the tones for the lower voice.


































Figure 3.2: Schema of the setup for recording. The red arrows indicate what
was accessed by the experimenter. Data streams are indicated with black
arrows, the audio stream with a green arrow.
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sual contact), while in the other part they could not see each other (no visual
contact). A third factor was “Tempo”: all the combinations of Performance
Strategy and Modality were repeated in a fast (100 beats per minute, bpm,
IOI = 600ms) and a slow tempo (50 bpm, IOI=1200ms). In total, this sums
up to 2 × 2 × 5 conditions. In each condition, participants performed three
trials (60 trials in total).
3.2.4 Procedure & Task
Before coming to the lab, participants were screened on musical background
and dominant hand. On arriving, they got clear instructions about the exper-
iment, they filled out a short questionnaire about their personalia and signed
an informed consent form. First, the participants had to tap individually on
the pad in a for them comfortable manner and in a comfortable tempo, in
order to detect their natural tapping frequency. While doing this, they could
not yet hear the music they were going to play, so their knowledge about the
Pachelbell Canon could not influence the tempo they chose. Then, they re-
ceived enough time to learn how to trigger the melody on the tapping pad
in the different performing strategies (see above (i), (ii), (iii)) and in the dif-
ferent tempi. Next, the actual experiment started. Each trial was initiated
with a metronome that indicated the tempo with two bars of four beats. After
these two bars, the participants started tapping and had to try to maintain
the tempo and synchronise as good as possible while performing the Pachel-
bell canon. Half of the dyads started with the condition where they could see
each other’s movements, the other half started without visual contact. When
all the conditions and trials in one modality were performed, the experiment
was repeated in the other modality and in the two different tempi. All these
conditions were performed in a randomized order between dyads. After the
participants had gone through the whole procedure, they had to fill out an-
other questionnaire in which they were asked about their experiences during
the experiment and their opinion about the task. It took approximately 2.5
hours to complete the whole experiment. Afterwards, all participants received
a cd-voucher.




To measure the synchronisation between participants in each performance, the
asynchrony between the two participants in relation to the previous and next
tapping interval was considered. This difference can be expressed in degrees
(here from -180◦ to 180◦). 0◦ means that the taps of both participants occurred
simultaneously and that they were in sync. The phase is calculated for each
pair of taps that should occur simultaneously. A positive phase angle indicates
that participant 1 lags behind participant 2, a negative phase angle indicates
that participant 1 anticipates the tap of participant 2. Participant 1 was the
one who performed the top voice, participant 2 performed the lower voice, but
both voices are equally important so there was no relationship of melody versus
accompaniment. Given that phase angles represent directional or circular data,
we cannot use standard tests to compare the resulting phase distributions.
Therefore synchronisation data were analysed with circular statistics (Fisher,
1995) using the circular statistics toolbox for Matlab (Berens, 2009). Each
trial of a performance strategy results in a distribution of relative phase angles.
Such a distribution can be described with the mean resultant vector, which
has a phase angle and a length. The angle corresponds to the mean relative
phase or synchronisation accuracy. The larger the absolute value of the angle,
the bigger the asynchrony. The sign of the angle indicates the mean direction
of the asynchrony. The length of the vector, |R| is a measure for the mean
phase coherence of an angular distribution. Values can range from 0 to 1.
|R| reaches the value 1 if, and only if, strict phase locking is maintained, i.e.
all taps were performed with the same phase angle. This means that even
though the mean asynchrony between taps can be large, |R| can be very high,
if the phase angle between the taps stays the same or, in other words, the
relationship between the two oscillators (the two participants) stays stable. In
this study, the mean absolute phase angle (absolute asynchronies), the mean
signed phase angle (signed asynchronies), and the mean resultant vector length
(|R|) are considered as dependent variables with which we can measure the
synchronisation (or vertical timing) between participants.
IOIs
As each performance was initiated with a metronome and part of the task was
to maintain the initial tempo, the standard deviation of IOIs is a good measure
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for describing the stability/variability of the horizontal timing of the perfor-
mance. Nevertheless, the metronome was not heard during the performance
of the music and hence, the mean tempo (or mean IOI) slightly varied among
trials and dyads in the two tempi. As the variability of IOIs is in general
higher when the mean tempo of a performance is slower (Repp & Su, 2013),
the variability of IOIs was normalised by dividing the standard deviation of
IOIs by the mean IOI of each trial, resulting in the coefficient of variation
(CV).
Correlations between the IOI patterns of the two participants in each dyad
provide a measure of period adaptation between participants during duet per-
formance. We compared the dyad’s IOI series at lags of +1 an -1 IOI to
examine how much one participant adapts to the previous IOI of the other
(Goebl & Palmer, 2009b; Loehr & Palmer, 2011; Palmer, 2013). To exclude
variabilities that are caused by beginning and ending of trials, the first and
last four notes of each IOI series were not considered for the lag-correlations
analysis.
3.3.2 Hypothesis Testing
To test whether the use of gesture has an influence on the control and commu-
nication of timing in performance, different subsets of the data were created.
For all tests, a significance level of α = .05 was applied. Also, for all re-
peated measures ANOVAs, Mauchy’s test of sphericity was used to see if the
assumption of sphericity was violated. In the case of non-sphericity, effects
were Greenhouse-Geisser corrected. Finally, posthoc tests following ANOVA
were performed using Bonferroni correction.
Equal Performance Strategies
The first subset pertained to those conditions where participants applied the
same performance strategy: both normal tapping (baseline), with a gesture in
between taps (gesture), and with the least movement possible (no movement)(P1(i)-
P2(i), P1(ii)-P2(ii), and P1(iii)-P2(iii), see Fig. 3.3). The dependent variables
under consideration are absolute asynchronies (subset 1A) and resultant vector
length (subset 1B). As for each condition, a separate CV measure is obtained
for the two persons of a duet, we first tested whether the CV measures of
both individuals differed per condition. For that, we conducted a paired t-
test. The results of this test indicated that, on average, CV measures did not
differ significantly, allowing us to take the average CV over participants per
condition, leading to subset 1C. On subsets 1A, 1B, and 1C, we applied a
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Figure 3.3: Overview of experimental design for the two subsets of data (Equal
Performance Strategies and Mixed Performance Strategies)
2× 2× 3 repeated measures ANOVA with Modality (visual contact/no visual
contact), Tempo (fast/slow), and Performance Strategy (P1(i)-P2(i)/P1(ii)-
P2(ii)/ P1(iii)-P2(iii)) as within-subject factors.
Mixed Performance Strategies
A second subset pertained to those conditions where participants applied a dif-
ferent performance strategy (P1(ii)-P2(iii), P1(iii)-P2(ii)) to search for leader-
follower strategies. The dependent measures that were considered were the
signed asynchronies (subset 2A), and the difference between lag-1 and +1
correlations (subset 2B). On these subsets 2A and 2B, we applied 2 × 2 × 2
repeated measures ANOVAs with Modality (visual contact/no visual contact),
Tempo (fast/slow), and Performance Strategy (P1(ii)-P2(iii)/P1(iii)-P2(ii)) as





The 2×2×3 repeated measures ANOVA revealed a main effect of Performance
Strategy, F(1.098, 12) = 6.083, p < .05, and Modality, F(1, 12) = 8.38, p < .05,
but no interaction effects were observed. Posthoc pairwise comparisons showed
that, on average, the no movement Performance Strategy (M = 11.12,SEM =
1.46) led to significantly higher absolute asynchronies compared to the baseline
(M = 6.69,SEM = 0.80), t(1.098) = 3.43, g = 0.32, and gesture Performance
Strategy (M = 5.76,SEM = 0.73), t(1.098) = 3.85, g = 0.39. In addition, we
found that absolute asynchronies were significantly higher when people could
not see each other (M = 9.28,SEM = 1.53) compared to when they could see
each other (M = 6.43,SEM = 1.04), t(1) = 2.90, g = 0.18 (Fig. 3.4)
3.4.2 Resultant Vector Length
The 2×2×3 repeated measures ANOVA yielded a main effect of Performance
Strategy, F(1.04, 12) = 8.65, p < .05, Tempo, F(1, 12) = 125.55, p < .001,
and Modality, F(1, 11) = 7.98, p < .05. Also, we found a significant interac-
tion between Performance Strategy and Tempo, F(1.487, 12) = 5.583, p < .05.
Posthoc analysis indicated that this interaction was due to the fact that ef-
fects of Performance Strategy on resultant vector length occurred only in
slow Tempo conditions, while no effects occurred in the fast Tempo condi-
tion (Fig. 3.5). More specifically we found that only in the slow Tempo
condition, the gesture Performance Strategy (M =0.9626, SEM =0.0023) led
to a significantly higher resultant vector length in comparison to the baseline
(M = 0.9554,SEM = 0.0033), t(2) = 3.72, g = 0.36, and the no movement
Performance Strategy (M = 0.9235,SEM = 0.0119), t(2) = 2.85, g = 0.30.
In addition, though no significant interaction between Performance Strat-
egy and Modality was found F(1.227, 12) = 2.571, p = 0.125, pairwise com-
parisons revealed that only when there was visual contact between the two
participants, there were significant differences between the different Perfor-
mance Strategies. Using a gesture improved the performance in terms of in-
creased vector length (M = 0.9734,SEM = 0.0013) compared to both baseline
(M = 0.9633,SEM = 0.0030), t(2) = 3.72, g = 0.36, and the no movement
Performance Strategy (M = 0.9394,SEM = 0.0087), t(2) = 4.01, g = 0.45,
but also the baseline Performance Strategy induced an increased vector length
compared to no movement (t(2) = 2.85, g = 0.30). Pairwise comparisons also
revealed that Modality (visual contact/no visual contact) only had an effect
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Figure 3.4: Mean absolute asynchrony (i.e., phase angle in degrees) by Per-
formance Strategy condition (both baseline/both gesture/both no movement)
(TOP) and Modality (visual contact/no visual contact) (BOTTOM). Error
bars represent the standard error of the mean (∗p < .05, ∗ ∗ p < .01).
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when the gesture Performance Strategy was applied. More in particular, we
found a significant increase in resultant vector length from the gesture Perfor-
mance Strategy without visual contact (M = 0.9623,SEM = 0.0023) to the ges-
ture Performance Strategy with visual contact (M = 0.9734,SEM = 0.0013),
t(2) = 5.29, g = 0.39 (Fig. 3.5).
3.4.3 Coefficient of Variation (CV)
The 2× 2× 3 repeated measures ANOVA gave out a significant main effect of
Performance Strategy, F(1.612, 12) = 15.662, p < .001. Figure 10 shows that
using a gesture significantly reduced the variability (M = 4.147,SEM = 0.174)
compared to the baseline Performance Strategy (M = 4.711,SEM = 0.202),
t(2) = 2.86, g = 0.27, and the no movement Performance Strategy (M =
5.655,SEM = 0.250), t(2) = 5.22, g = 0.50). Also, the baseline Performance
Strategy reduced the variability compared to no movement (t(2) = 2.99, g =
0.31). In addition, we found a significant interaction between Performance
Strategy and Modality as well, F(1.89, 12) = 8.60, p < .05. Posthoc pair-
wise comparisons indicated that visual contact led to a significant drop of the
CV of the gesture Performance Strategy (M = 3.987,SEM = 0.158), in com-
parison to the baseline (M = 4.737,SEM = 0.205), t(2) = 5.22, g = 0.40,
and the no movement Performance Strategy (M = 5.407,SEM = 0.223),
t(2) = 6.37, g = 0.53. Also, posthoc tests yielded a significant difference
between baseline (M = 4.686,SEM = 0.248) and no movement Performance
Strategy (M = 5.904,SEM = 0.304) only in those cases where there was no
visual contact, t(2) = 3.17, g = 0.33 (Fig. 3.6).
3.4.4 Signed Asynchronies
A 2× 2× 2 repeated measures ANOVA revealed a main effect of Performance
Strategy, F(1, 12) = 29.47, p < .001) as well as significant interactions be-
tween Performance Strategy and Tempo, F(1, 12) = 8.31, p < .05, Perfor-
mance Strategy and Modality, F(1, 12) = 7.22, p < .05, and between Perfor-
mance Strategy, Tempo and Modality, F(1, 12) = 10.13, p < 0.01. Additional
posthoc tests were conducted to better understand this three-way interaction.
The results of these tests indicated that within a duo, the participant who
used the gesture Performance Strategy was, on average, ahead of the partici-
pant that performed the no movement strategy. However, it was found that
this effect was more pronounced at the slow Tempo and when visual contact
was allowed (M1 = −10.41,SEM1 = 3.18,M2 = 10.13,SEM2 = 2.99), t(1) =
10.18, g = 0.55). But also when both participants did not see each other, the
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Figure 3.5: Mean resultant vector length by Performance Strategy (both base-
line/both gesture/both no movement) and Tempo (slow/fast) (TOP), and
Performance Strategy (both baseline/both gesture/both no movement) and
Modality (visual contact/no visual contact) (BOTTOM). Error bars represent
the standard error of the mean (∗p < .05, ∗ ∗ p < .01, ∗ ∗ ∗p < .001).
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Figure 3.6: Coefficient of variation by Performance Strategy (baseline/ges-
ture/no movement) and Modality (visual contact/no visual contact). Error
bars represent the standard error of the mean (∗p < .05, ∗ ∗ p < .01, ∗ ∗ ∗p <
.001).
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Figure 3.7: Signed phase angles (in degrees) by Performance Strategy (both
baseline/both gesture/both no movement) and Modality (visual contact/no
visual contact). Error bars represent the standard error of the mean (∗p <
.05, ∗ ∗ ∗p < .001).
difference in performance strategy was significant in the slow Tempo (M1 =
−1.446,SEM1 = 3.169,M2 = 6.88,SEM2 = 3.08)(t(1) = 2.52, g = 0.22).
When performing in the fast tempo, a significant difference appeared both
with (t(1) = 2.96, g = 0.28) and without (t(1) = 3.16, g = 0.20) visual contact
(Fig. 3.7).
3.4.5 Correlation between lag-1 an lag+1
A 2 × 2 × 2 ANOVA on the difference between lag +1 and -1 correlations of
IOI-patterns of participants when they applied different performance strategies
did not show any significant main effects, neither significant interactions. This
means that the difference in interpersonal adaptation between dyads was not
affected by performance strategy, visual contact or tempo.
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3.5 Discussion
In this study, we aimed at investigating the role of gesture in nonverbal human
communication through the study of timing control and entrainment in music
performance. In general, our results show that manipulating hand gestures
of musicians can influence the (interpersonal) timing in performance. First,
reducing the movements of the participants resulted in larger asynchronies,
but no overall significant difference between normal tapping and expressive
gestures could be observed. Moreover, visual contact between participants
reduced the asynchronies as well. This suggest indeed that movement (and the
perception of a co-performer’s movement) in general helps to predict temporal
patterns in performance (Palmer, 2013; Todd, 1999).
More interesting is the observed effect of performance strategy on the resul-
tant vector length. Here, the use of an expressive gesture during performance
significantly increased the vector length compared to baseline and the no move-
ment conditions, meaning that the phase-relationship between performers was
most stable in these performances where expressive movements were used. In
fact, using an expressive gesture yielded statistically superior performances
compared to other performance strategies only when visual contact between
participants was possible and moreover, only these performances where ex-
pressive gestures were used showed a significant difference between visual and
no visual contact. In other words, the phase-alignment between performers
was the strongest and most stable when using an expressive gesture and when
visual contact was possible. This provides support for the idea that musi-
cians’ expressive gestures can be a key to the successful communication and
prediction of timing in joint performance(Keller, 2014; Leman, 2016; Maes,
Giacofci, & Leman, 2015; Morillon et al., 2014), and that entrainment has a
gestural, spatio-temporal dimension(Leman, 2012). However, it is important
to note that tempo is a crucial factor in this process as well. The interac-
tion between ‘Tempo’and ‘Performance Strategy’suggests that only in larger
time spans, expressive gestures yield additional information to basic tapping
gestures. As previous research has shown, tempo has a major influence on
the movement strategies musicians can apply, which on its turn can influence
the timing profiles of performers (Coorevits, Moelants, Maes, & Leman, 2017;
Goebl & Palmer, 2013; Loehr & Palmer, 2009). Additional analysis of the (ex-
pressive) gestures that were used in fast and slow tempi during this experiment
could reveal potential features that contribute to a more stable or consistent
phase-relationship during performance. Next to the vertical phase-alignment
between participants, horizontal timing patterns provided understanding of the
role of gesture in tempo-alignment. The CV of IOIs was significantly lower
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when performers used an expressive gesture, meaning that the tempo stayed
most constant during these conditions. Visual contact between participants
was necessary to obtain a significant difference between normal tapping and
expressive movement, while in the performances where no visual contact was
possible, the baseline and gesture condition both resulted in a lower variability
compared to the no movement condition. Again, this means that movement
(in this particular case both normal tapping and expressive gesturing) is es-
sential for the control of timing in performance, more specific the stability of
the tempo. However, in a context where musicians can visually communicate,
the use of expressive gestures significantly improved tempo-alignment between
musicians compared to normal tapping as well.
The influence of expressive gesture on leader-follower strategies between
participants only showed a difference in the signed asynchronies between par-
ticipants, where the performers using the gesture preceded the timing of the
performers using no movement, even when there was no visual communica-
tion. This means that the use of gesture pushes the performer into a more
predictive role, or the other way around, that removing the possibility to
move results in more reactive than predictive behaviour. On the other hand,
the lag-correlations between the IOI time series of the dyads did not reveal
any unidirectional adaptation between performers, as participants adapted to
one another equally across both lag +1 and -1 shifted time series. This con-
firms the results of previous research by Goebl and Palmer (2009b) and Zamm,
Pfordresher, and Palmer (2015), where during full auditory feedback, perform-
ers employ a two-way adaptation strategy in interpersonal timing, even when
assigned leader or follower roles.
In summary, it can be concluded that the dyads were aligned the most in
these performances where expressive gestures were used and visual commu-
nication was possible. Moreover, deliberately manipulating sound-producing
gestures influenced leader-follower roles in interpersonal timing. Movement
in general seemed to help in better predicting and controlling temporal pat-
terns and maintaining a stable tempo. Therefore, it could be concluded that
movement provides a kinaesthetical framework for musicians to locate audi-
tory events, both from the viewpoint of the one who produces the movement
and the one who perceives the movement (Glowinski et al., 2013; Goebl &
Palmer, 2009b; Keller & Appel, 2010). Yet, it remains an open question
which underlying sensorimotor and neural principles cause this effect. It is
known that time perception and motor timing rely on similar cerebral struc-
tures (Schubotz, Friederici, & Yves von Cramon, 2000), and many studies have
linked predictive brain mechanisms with motor activity (Large & Jones, 1999;
Trainor & Zatorre, 2009). To engage in joint action, for example when play-
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ing a musical duet, it is important to understand and predict the actions of
the co-performer. Therefore, a common coding mechanism for perception and
action is assumed, meaning that we can simulate the perceived actions of our
co-performer in our own motor system, and therefore, be able to predict the
outcome of that action (Hommel et al., 2001; Leman, 2016; Prinz, 1990; Sebanz
& Knoblich, 2009). In this experiment, the possibility to observe each others
expressive gestures allowed for a better action prediction and error correction,
which led to decreased asynchronies and increased phase and period alignment.
These parameters are indicative of entrainment or a tight coupling between
two oscillating rhythms(Clayton, 2012; Leman, 2016). In view of a dynamical
attending perspective on entrainment, this strong coupling could be described
as an “attractor state,”(Haken et al., 1985; Large & Jones, 1999), where per-
formers are drawn towards optimal performance parameters even more when
using a gesture. This means that expressive gestures facilitate entrainment.
These gesturese could be considered as oscillating movements with emerging
timing qualities that provide a continuous coupling between perceived action
and temporal prediction (Torre & Balasubramaniam, 2009), which allows im-
mediate adjustments of the timed action within an IOI. Hence, they differ in
temporal characteristics from normal tapping gestures. The latter are often
considered to be discontinuous movements associated with event-based mech-
anisms of timing, which involves a representation of discrete time intervals or
Inter-Onset Intervals by an internal timekeeper (Wing & Kristofferson, 1973a;
Zelaznik et al., 2005). Our results would then suggest that emergent-based
timing yields superior performances compared to event-based timing. How-
ever, studies by Delignie`res and Torre (2011) and Balasubramaniam et al.
(2004b) revealed that applying asymmetric movements (like tapping) resulted
in much more timing accuracy than continuous, symmetric movements (like
circle drawing), which is in favour of event-based timing to obtain optimal en-
trainment. These studies assume that it is constant velocity which makes the
movement continuous. It could be argued that this is perhaps not the right
parameter to define countinuous movements but rather the fact that there is
undisrupted movement. This is also supported by the fact that using a gesture
in between the taps yields better performances than normal tapping especially
in the slower tempi. In fast tempi, normal tapping could be assumed to be
an undisrupted gesture as well. Given the fact that undisrupted movement
provides a basis for optimal entrainment, but, that these movements do not
need to be performed with constant velocity, the characteristic features of the
gestures used by the participants in our study could provide more insight in
the nature of the timing mechanisms that were at hand during performance.
Studies in neuroscience and neuropharmacology support this idea, provid-
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ing evidence that different areas in the brain are recruited to control contin-
uous and disrupted movement and timing tasks at different temporal dura-
tions. Lewis and Miall (2003) for exemple found that timing tasks involving
continuous, subsecond intervals definded by movement recruit the primary
sensorimotor and premotor areas, while tasks that involve suprasecond, dis-
continuous control of timed intervals without movement control comprised
hemispheric prefrontal and parietal modules. The primary sensorimotor and
premotor brain areas are known to be related to the sensorimotor system and
some autors have argued that this enables a relatively automatic performance
of timing tasks. The hemispheric prefrontal and parietal cortices are related
to working memory and mechanisms of attuning, which requires more cogni-
tive involvement (Lewis & Miall, 2006; Rammsayer, 1999, 2006). Therefore,
measurements involving suprasecond, discontinuous timing without movement
fall within the category of “cognitively controlled timing tasks”, while mea-
surements at the subsecond, continuous timing level involving movement fall
within “automatic timing tasks,” Lewis and Miall (2006) argue. In this ex-
periment, the measurements at slow tempi could be said to fall within the
“cognitively controlled” category. But, using a gesture makes them shift to-
wards the “automatic timing” group. Therefore, we could think of gestures
as as way to outsource timing tasks in order to perform them automatically.
The timing task in this sense is controlled by a sensori-motor program rather
than a cognitively controlled principle. This also explains why in general
there is less difference between expressive gesture and normal tapping than
between no movement and tapping/expressive gesture, as the latter both in-
clude movement and therefore an attribute of automatic timing control. In
the visual communication between participants, using a gesture does improves
entrainment a lot. In terms of entrainment dynamics, we could conclude that
a contstant coupling between timing and gestural activity establishes an op-
timal basis for attractor dynamics, leading to a stable self-organizing system
where people are aligned.
This gestural component of entrainment between humans could therefore
be a crucial aspect of communication in general. Synchronisation and align-
ment are important features of positive engagement in speech dialogue, and
indicate the types of social relationships established between partners dur-
ing conversation (N. Campbell & Scherer, 2010). People tend to attune and
re-attune their behaviour in speech, emerging from the context as the conver-
sation evolves, in order to entrain to each other. This behaviour not only com-
prises the timing of speech, but also the coordination of gestural, non-verbal
cues (Battersby, 2011; Hutchby, 1999; Kendon, 1990). If gestural behaviour
enables immediate interaction between humans and can lead to optimal en-
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trainment, interaction and communication between humans can take place
in a stable state which is (semi-)automatically controlled. This, on its turn,
liberates cognitive resources which could be used for other purposes in the
communication. We believe that the immediate communication enabled by
gestures could be crucial in establishing entrainment, not only in music per-
formance, but in social interaction in general. This could provide an stable
framework wherein optimal interacion and communication can take place.
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Esther Coorevits, Dirk Moelants, Marc Leman
Abstract
Synchronization is an essential aspect of ensemble performance. Musicians use
different strategies to start playing together and keep the tempo. One of the
methods commonly used is sniffing. Intriguingly, the sound of a single sniff does
not contain explicit intervallic information. Still, a sniff can make musicians
synchronize and communicate tempo successfully. Similarly, conductors often
use a single gesture to set the tempo of the music. The aim of this study was
to discover which features of these single gestures make the communication
of timing possible. We hypothesize that the sniff functions as a sonification
of a visual cue, translating the gesture of a conductor in an auditory trace.
To test this, two experiments were conducted. In the first experiment, 2× 20
musicians were asked to synchronize single claps and clap simple rhythms in
3 tempi and 3 meters, only using a single sniff. In the second experiment, 10
conductors were asked to conduct an ensemble of two musicians clapping the
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same rhythms as in the first experiment. The conductors were asked to indicate
the tempo and the meter of these rhythms prior to the first note with only
one single gesture. The results show that the maximum intensity of the sniff is
significantly higher in the fast tempo, while the duration becomes significantly
shorter. Similarly, the peak instantaneous velocity in the conductor’s gestures
increases with tempo while the duration of the gesture becomes shorter. Closer
investigation of both sniff intensity and conductors’ velocity patterns reveal an
overall similarity in shape. On the other hand, no clear influence of meter was
found. These results show that single gestures can communicate aspects of
timing through their shape. This supports the idea that the communication of
timing does not have to rely on event-based aspects only, but that emergent,
continuous aspects of time are also sufficient for ensemble synchronization.
4.1 Introduction
In music ensembles, enhancing interpersonal timing and synchronization is
often done by cuing, especially in the beginning of a performance. Musicians
use different auditory and visual strategies to be able to start playing together
and keep the same tempo. Sometimes, an extra component is added, such as
an automated time-keeper (like a metronome or a click-track) or a conductor
who indicates the start. But, the cues for synchronization can be given also
by the musicians themselves. In jazz music for example, the drummer or the
leader of the band gives a count off, indicating the up- and backbeat. In a
classical ensemble, the first violinist can give a visual cue with his scroll and
bow to entrain the ensemble from the start. Another common method used
by musicians themselves is sniffing. This method is often used when musicians
are not able to mutually see each other and it relies on a common knowledge of
the musical content. Intriguingly, the sound of a single sniff does not contain
explicit information on the expected timing and tempo, as a click-track or a
count off does. Nevertheless, this type of cue is commonly used and it appears
to be a successful method to synchronize onsets in music performance. To our
knowledge, the sniff as a synchronization strategy has not yet been addressed
in empirical music research, though it could provide interesting insights into
the mechanisms behind synchronisation and the communication of timing in
ensemble performance. In this study, we want to investigate sniffing as a
method for synchronization. Is it efficient, even when the performers can’t see
each other and visual cues are completely absent? How does the shape and
timing of the sniff relates to aspects of musical structure such as tempo and
meter? And, can we actually relate the shape of the sniff to the shape of a
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movement cue like a preparatory conducting movement?
In research on interpersonal timing, the focus tends to go to the mainte-
nance of synchronization over a sequence of onset productions. These onsets
could be simple taps (see Repp and Su (2013) for a review) or complex se-
quences in ensemble performance (Maduell & Wing, 2007; Wing, Endo, Brad-
bury, & Vorberg, 2014). Different models for synchronization have occurred
from these studies, such as the internal time-keeper model(Wing & Kristoffer-
son, 1973a), the neural clock counter (Buhusi & Meck, 2005) and phase and
period correction models (Repp & Su, 2013; van der Steen & Keller, 2013).
Here, the prediction of the next onset and the reaction to previous inter-onset
intervals is of key importance. The sniff, nevertheless, is just a single event
and therefore, models based on phase and period correction cannot clarify why
a single auditory event can enhance synchronization. More recently, a model
of emergent timing has been developed (Delignie`res, Lemoine, & Torre, 2004).
This could provide an explanation for the success of single events in enhancing
synchronization, as it introduces the concept of trajectories (in space) that
could possibly contribute to time production (Balasubramaniam et al., 2004b;
Delignie`res & Torre, 2011). In that case, the prediction of timing takes place in
a time-space continuum, and the sniff could be seen as an auditory trajectory
over time.
From trajectories in a space-time continuum, it is just a small step to
the concept of musical gestures. These comprise a spatio-temporal dimension
as well and are also characterized by trajectories in time (Godøy & Leman,
2010). In the study of musical gestures, however, a challenge is to extract
meaninful information from these trajectories. Strong correspondances have
been found between movement traces and sound regarding overall activity
(density of events), musical onsets (for example synchrony at the downbeat
level) and dynamics (loudness) (Godøy, 2010). But, in the continuous stream
of sound and movement, as listeners and perfomers, we have to detect what are
the meaningful elements in music. This decision contains a strong temporal
component, as it involves the segmentation of continuous information input
into chunks (Graybiel, 1998). We tend to associate continuous sounds with
action-units, which implies a kind of temporal grid on the continuous stream
of sound and motion. Especially conducting gestures are of importance here,
as they are a typical example of continuous trajectories in space embedded
in a temporal grid, made to synchronise to. Action chunks can be seen as
the building blocks of continuous movement, starting at one goal point and
going to another. In terms of movement kinematics, this means going from 1
point of minium velocity to the next point of minimum velocity (Godøy et al.,
2010). Luck and Sloboda (2008) found that acceleration and instantaneous
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velocity (or speed) are important features of the conducting gestures when it
comes to enhancing synchronization between musician and conductor. In this
study, as in many others, a series of subsequent beats was used to measure
synchronization, but in practice, it often happens that conductors use a single
gesture to make the orchestra start in the right tempo. What are the features of
these single preparatory gestures that can communicate aspects of timing and
tempo? It has been shown that preparatory micro-gestures can communicate
upcoming musical expressions (Kim, Demey, Moelants, & Leman, 2011) but
nevertheless, single gestures and their characteristics have not been studied in
terms of immediate interpersonal synchronization.
From musical practice, though, it becomes clear that both the sniff and
the single preparatory conducting gesture are efficient cues in bringing about
synchronization in ensemble performance. Therefore, we designed two comple-
mentary experiments. In the first study, dyads of musicians had to clap series
of simple rhythmic patterns together, only initiated by a sniffing cue, without
visual contact between participants. Rhythms were notated in three different
meters and had three different tempo-indications. In the second study, ex-
perienced conductors were asked to give a single starting cue and to conduct
an ensemble consisting of two musicians who had to clap the same rhythms
as in the first experiment. We hypothesize that the sniff is a gesture that
can communicate aspects of tempo and timing through its shape characteris-
tics (length, intensity), and that it functions as a sonification of a visual cue,
translating features of the the preparatory gesture of a conductor (duration




Twenty couples of experienced musicians were invited to the lab with a mean
age of 28 years (SD = 9.62) and 18 years of musical training on average
(SD = 9.65). 18 of the participants were male, 22 were female and all but one
couple had a background in classical music. They were all familiar with each
other and had performed together in the past.
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Figure 4.1: A participant wearing microphones and reading the instructions
on the screen.
Procedure
Before the experiment started, participants filled out a short questionnaire
and signed an informed consent form. Subsequently, they got instructions
on the main task, which was to give a sniffing cue in order to start clapping
together. Next, they individually did a few test recordings to be sure they
understood the instructions and to get familiar with the setup (screen, seating
position, recording devices). After this, the actual experiment could begin.
They were not able to see each other during the whole experiment, sitting back
to back at about 2 m distance, so they could only communicate through sound.
A 4-channel sound recording was made with a ZOOM H4 digital recorder,
consisting of a stereo recording of the ambient sound and two mono recordings
using small head worn microphones located close to the nose (Fig. 4.1).
In the first part of the experiment, both participants had to give sniffing
cues initiating single, synchronized claps. The order of the cues was indicated
on the screen: first each of the participants gave four cues in a row. Next,
again two times four cues were given in a random order. In the second part of
the experiment, participants were asked to clap rhythmic patterns of five or




8 ) and three different
72 CHAPTER 4. SINGLE GESTURE CUES
tempi (fast, medium, slow). The first series of rhythms were simple, stereotyp-
ical rhythms, a second series consisted of somewhat more complex rhythms.
Instructions were shown on screens in front of each of the participants. The
rhythms were displayed in standard music notation and the subject who had
to give the cue saw a visual sign on the screen 5 to 8 seconds after the rhythm
appeared on the screen. This way, the participants had some time to read the
rhythm on the screen and imagine it in the required tempo. Subjects were in-
structed to clap the rhythm following the sniffing cue, synchronizing with each




In the second experiment, we tested 9 conductors (7 male, 2 female) with an
average age of 43.4 (SD = 10.1) The average years of conducting experience
was 15.3 (SD = 10.7) with a minimum of 3 years.
Procedure
Upon arrival in the lab, the conductors filled out a short questionnaire and
signed an informed consent form. The task of the conductors was to give a
single starting cue and to conduct an ensemble consisting of two musicians
(authors E.C. and D.M.) who had to clap the same rhythms as in the first
experiment, again in the same three meters and three tempi. The movement
of the conductors’ torso and right hand was recorded using the marker-based
motion capture system Optitrack (sr = 100Hz). For both the torso and hand,
a 3-marker rigid body was used. The rigid body on the right hand was placed
on the back of the hand and the conductors wore a belt with the rigid body
attached on it, strapped around the torso. The sound of the ensemble was
recorded with the same recording apparatus as in the first experiment and
again, the rhythms and tempi were randomized.
4.3 Analysis
4.3.1 Feature Extraction
From the data recorded in the first experiment, the beginnings and endings of
the sniffs as well as the onsets of the claps were manually annotated in Praat
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Figure 4.2: The rhythms used during the experiment: three simple rhythms
in three different meters (top) and three more complex rhythms of 9 elements
in three different meters (bottom).
74 CHAPTER 4. SINGLE GESTURE CUES
(Boersma & Weeninck, 2015) (See Fig 4.3). This allows to calculate the asyn-
chronies between participants and the tempo of the rhythmic performances.
The length of the sniffs (1) and the time between the start of the sniff and the
first clap (2) were calculated as well. In Praat, we also extracted the intensity
(in dB) of the sum of the two separate microphones that the individual partici-
pants wore. This signal was exported to Matlab, where the mean (3) and peak
(4) intensity of the sniffs were calculated. Also, the envelope of the sniffs was
calculated using the MIR-toolbox for matlab (Lartillot, Toiviainen, & Eerola,
2008). The time between the beginning of the sniff and the maximum of the
envelope (5) was the last feature considered in the first experiment.
The conducting gestures recorded in the second experiment were analyzed
in Matlab. First, the joint of the rigid bodies of both body parts (right hand
and torso) was calculated with the Mocap toolbox for matlab (Burger & Toivi-
ainen, 2013). The position of the right hand joint relative to the torso was
used to calculate the instantaneous speed of the wrist, using a third-order
Savitzky-Golay filter with a window length of 11. From the relative position
and speed of the wrist, some target points were extracted, which could possi-
bly communicate the right timing to the musicians. These target points are
(a) the maximum vertical position and the timing of (b) the first minimum
vertical position before that maximum. Also, the maximum speed before the
maximum position (c) and the first local minimum in the speed signal before
(d) and after (e) the maximum speed were detected (Fig. 4.4). The differ-
ence between (d) and (e) was used to calculate the duration of the conducting
gesture. The latter was done because points of minium velocity are possible
indicators of movement chuncks.
4.3.2 Statistics
From the first experiment, sniff length (1), Sniff-to-clap interval (2), mean (3)
and peak (4) intensity and the time between the start of the sniff and the
maximum envelope (5) were compared over tempo and meter categories using
a repeated measures ANOVA. For the second experiment, the same was done
for the (1) duration of preparatory conducting gestures, (2) the time between
the start of the conducting gesture and the first clap, (3) the maximum speed
of these gestures and (4) the time between maximum speed and the maximum
position. Prior to the ANOVA, Mauchy’s test of sphericity was performed. In
the case of non-sphericity, effects were Greenhouse-Geisser corrected. Finally,
posthoc tests following the repeated measures ANOVA were performed with
Bonferroni correction. For all tests, a significance level of α = .05 was applied.
In the next step, results for the repeated measures ANOVA of the sniff and
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Figure 4.3: Example of an analysis in Praat: from top to bottom we see a
2-channel sound recording of the ‘nose microphones’ worn by both subjects,
the intensity analysis performed by Praat and the manual annotation. The
selected part is the sniff seen in channel two of the recording, it is followed
by the clap of the same subject, closely followed by the clap of the subject in
channel one.
the conducting gesures were visually compared with each other and interpreted
based on informal discussions with musicians and conductors. This allowed us
to detect the specific features of the preparatory conducting gesture that are
reflected in the sniff. For both the conducting gesture and the sniff, this specific
feature was correlated with the tempo of the rhythmic performances. As an
exponential relationship was detected, this variable was first log-transformed
so Pearsson correlation could be used.
4.4 Results
4.4.1 Experiment 1
Looking at single claps, a sniff seems a successful method to enhance syn-
chronization. Asynchronies largely stayed below 200 ms, with an average of
79 ms. Also, there is a clear tendency for the person who gives the sniffing
cue to clap first, resulting in a larger number of positive values. The aver-
age length of the sniff when indicating a single clap is 498 ms (SD = 147
ms) (Fig 4.5). It could be observed that the duration of the sniff is clearly
related to tempo (F(1.38, 26.30) = 85.74, p < .001). Posthoc pairwise com-
76 CHAPTER 4. SINGLE GESTURE CUES
Figure 4.4: Feature extraction for the preparatory conducting gesture: (a)
maximum vertical position, (b) the first minimum vertical position before that
maximum, maximum speed before the maximum position (c) and the first local
minimum in the speed signal before (d) and after (e).
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Figure 4.5: Average length of a sniff when indicating a single sniffing cue.
parisons showed that in slow tempi, sniffs are significantly longer compared to
medium (t(2) = 8.21, g = 0.33) and fast (t(2) = 10.14, g = 0.59) tempi. Also
between medium and fast tempi, the difference in sniﬄength was significant
(t(2) = 7.85, g = 0.29) (Table 4.1). Meter did not have any significant effect
on the sniff length and no interaction between tempo and meter was found
(Fig 4.6).
The last aspect of timing that was considered is the interval from the
beginning of the sniff to the first clap, where also an effect of tempo could be
observed (F(2, 38) = 94.85, p < .001). Again meter did not have a significant
influence (see Table 4.1). Next to the timing of the sniff, sniff intensity was
compared over tempo categories. The intensity is also significantly influenced
by tempo, with participants sniffing louder when the tempo is faster. This
holds for both the mean intensity (F(1.55, 29.53) = 33.58, p < .001) and the
peak intensity (F(2, 38) = 32.97, p < .001). Fast tempi induced higher mean
and peak intensity compared to medium and fast tempi (see Fig 4.7). The
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Figure 4.6: Sniff length compared over three tempi and three meter. Error
bars indicate the standard error of the mean.
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Table 4.1: Mean and standard error of the mean (SEM) for both Sniﬄength
and start-to-clap time interval (Top). Results from post-hoc tesst (t-values
and Hedge’s g) are reported as well. Significant t-values are indicated with *
(p < .05), ** (p < .01) or ** (p < .001) (Bottom).
Variable
Slow Medium Fast
M SEM M SEM M SEM
Sniﬄength (ms) 663 26 514 21 397 20
Sniff-to-clap (ms) 670 23 516 16 431 15
Slow-Medium Slow-Fast Medium-Fast
t(2) g (2) g t(2) g
Sniﬄength (ms) 8.21*** 0.30 10.12*** 0.57 7.81*** 0.3
Sniff-to-clap (ms) 7.14*** 0.37 11.74*** 0.60 8.32*** 0.27
Table 4.2: Mean and standard error of the mean (SEM) for both mean and
peak intensity (Top). Results from post-hoc tests (t-values and Hedge’s g)
are reported as well. Significant t-values are indicated with *(p < .05), **
(p < .01) or *** (p < .001) (Bottom).
Variable
Slow Medium Fast
M SEM M SEM M SEM
Mean Intensity (dB) 40.457 1.414 40.914 1.416 42.874 1.386
Max Intensity (dB) 54.240 1.640 55.319 1.578 58.483 1.668
Slow-Medium Slow-Fast Medium -Fast
t(2) g t(2) g t(2) g
Mean Intensity (dB) -1.84 0.016 -6.26* 0.086 -6.74* 0.070
Max Intensity (dB) -2.33 0.034 -6.47* 0.128 -6.47* 0.097
fact that the effect of tempo on peak intensity was larger than on the mean
intensity (Table 4.2) suggests that not only the duration, but also the shape
of the sniff communicates aspects of tempo.
4.4.2 Experiment 2
The next step was to compare these findings with conducting gestures. A first
visual comparison of the intensity profile of the sniff with the speed pattern
of the conductors’ hand movements initiated the idea that sniff and conduct-
ing gesture share similar features. Both are characterized by a steep upwards
slope and more gradually decay after the maximum (Fig 4.8). Therefore, we
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Figure 4.7: Peak intensity of the sniff (in dB) compared over three tempi and
three meters. Error bars indicate the standard error of the mean.
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Figure 4.8: Intensity profiles of the sniff and velocity patterns of the conducting
gesture.
took the envelope of the sniff as a representation of the shape in order to com-
pare it with the conducting gestures. With a repeated measures ANOVA, the
duration of the preparatory conducting gesture (defined as the time between
two points of minimum speed in the upwards vertical movement, see Fig. 4.4)
was compared between tempi (F(2, 14) = 56.15, p < .001) with pairwise com-
parisons revealing a significant difference between all tempo categories (Table
4.3).
Also the time from the start of the gesture to the first clap is significantly
different over different tempo categories (F(2, 14) = 90.27, p < .001) (See Table
4.3). Maximum height of the wrist during the preparatory gesture was not
influenced by tempo, but the normalized maximum speed was (F(1.13, 7.93) =
5, 65p < 0.01). Post-hoc tests revealed that especially in the fast category
the normalized maximum speed was significantly higher than in the medium
and slow tempi. Moreover, the time between maximum speed and maximum
position appeared to be significantly different over tempo categories as well
(F(2, 14) = 28.69, p < .001) (Table 4.3).
To visually compare the features of the sniff and the conducting gesture
that were significantly different over tempo categories, we have to take the
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Figure 4.9: Histogram representing the distribution of the measured gesture
lengths in the conducting experiment.
Table 4.3: Mean and standard error of the mean (SEM) if the length of the
conducting gesture and the time between the start of the gesture and the first
clap (Top). Results from post-hoc tests (t-values and Hedge’s g) are reported
as well. Significant t-values are indicated with * (p < .05), ** (p < .01) or ***
(p < .001) (Bottom).
Variable
Slow Medium Fast
M SEM M SEM M SEM
Gesture length (ms) 494 26 404 22 294 15
Gesture-to-clap (ms) 1188 48 971 47 733 35
Slow-Medium Slow-Fast Medium -Fast
t(df) g t(df) g t(df) g
Gesture length (ms) 4.85** 0.46 8.72*** 1.17 7.71*** 0.72
Gesture-to-clap (ms) 6.14** 0.57 10.55*** 1.35 12.92*** 0.71
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Table 4.4: Mean and standard error of the mean (SEM) for the normalized
maximum of the speed and the duration of the active gesture (Top). Results
from post-hoc tests (t-values and Hedge’s g) are reported as well. Significant t-
values are indicated with * (p < .05), ** (p < .01) or *** (p < .001) (Bottom).
Variable
Slow Medium Fast
M SEM M SEM M SEM
Normalized max(speed) 0.885 0.058 0.937 0.023 1.178 0.069
Length active gesture (ms) 311 27 242 19 165 13
Slow-Medium Slow-Fast Medium -Fast
t(df) g t(df) g t(df) g
Normalized max(speed) -0.96 0.147 -2.33* 0.575 -2.84* 0.586
Length active gesture (ms) 4.06* 0.37 5.99** 0.87 5.23** 0.60
mean absolute tempo of the performances into account. For the sniff, this
is 85 BPM, 103 BPM and 142 BPM and for the conducting gesture, this is
59 BPM, 86 BPM and 137 BPM. It appeared that the best match between
sniff and conducting gesture is respectively (A) the time between the start
of the sniff and the maximum envelope, and (B) the time between the maxi-
mum speed of the conducting gesture and the maximum height of the gesture,
which we will call the ’active’ gestures (Fig 4.10). There seems to be a less
direct relationship between the other features, as can be seen in the error bars
and the scatterplots in Figures 4.11 and 4.12. This also corresponds with the
interpration of musicians and conductors when trying to match their move-
ments with sniffing. As the relationship between the active gesture and tempo
in BPM was an exponential one, we first log-transformed this variable before
performing Pearson’s correlation on the data. This test yielded a strong neg-
ative correlation between the duration of the active gestures and tempo (in
BPM) (r = −.363, p < .001,N = 986).
4.5 Discussion and Conclusion
In this chapter, we explored the intriguing phenomenon of synchronizing using
single cues in musical ensemble performance. From the first experiment, we
learned that sniffing as a method to synchronize single claps is relatively effi-
cient, asynchronies being in the range of asynchronies found in regular music
performance (Rasch, 1979). A typical sniff used by musicians has a duration
between 300 and 750 ms, but this is influenced by the implied tempo, making
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Figure 4.10: Left: relationship between the length of the active gesture and
absolute performance tempo for both sniffing and conducting. Right: Mean
and SD of the length of the active gesture. Mean absolute performance tempi
are indicated above the error bars.
Figure 4.11: Left: relationship between the time of the start of the cue until the
first clap and absolute performance tempo for both sniffing and conducting.
Right: Mean and SD of the duration. Mean absolute performance tempi are
indicated above the error bars.
4.5. DISCUSSION AND CONCLUSION 85
Figure 4.12: Left: relationship between cue length and absolute performance
tempo for both sniffing and conducting. Right: Mean and SD of the length of
the cue. Mean absolute performance tempi are indicated above the error bars.
them longer to indicate slower tempi. Also, the sniff-clap interval is influenced
by tempo. Not only aspects of time, but also the intensity of the sniff was
influenced by tempo. Meter on the other hand did not have an influence on
sniffing behavior. The first experiment gave us a prototypical pattern of a sniff
as used for synchronization between musicians and shows us how it changes in
relation to the tempo. This material was then used in a second experiment to
search for analogies in gestural cues. Here, the duration of the conducting ges-
ture was also influenced by tempo, showing similar changes in duration as the
sniff. The maximum height of the gesture was not influenced by tempo, but the
maximum speed was, which supports findings from Luck and Sloboda (2008)
who argued that not the formal aspects of a gesture but rather the kinematic
aspects of a gesture communicate the timing of beats. When comparing the
shape of both the sniff-intensity patterns and the speed patterns of the con-
ducting gestures, it becomes clear that both have similar traits and that they
could be each other’s auditory/visual counterpart. Specific aspects of timing
that we found in the sniffing cue are recurrent in the timing of the preparatory
conducting movement. We could conclude that the sniff is an auditory cue
that is the sonification of (a part of) the preparatory conducting gesture. In
practice, conductors often accompany their preparatory gesture with a sniff
and also musicians often accompany their sniff with a visual cue. Both can
probably reinforce each other and optimize synchronization, and this could
be explored in further research and applications on multimodal communica-
tion in music performance (Camurri, Mazzarino, Ricchetti, Timmers, & Volpe,
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2004; Visi, 2017) or applied in gesture-based interactive systems (Caramiaux,
Bevilacqua, & Tanaka, 2013) .
Both auditory and gestural cues can provide information that enables syn-
chronisation. This suggests that the established communication between mu-
sicians or musician and conductor is based on a shared embodied knowledge.
When we perceive sensory information, we associate this with the possible ac-
tions that caused this sensory outcome. This sensorimotor coupling also allows
us to associate the actions of others with our own actions, an idea developed
through the common coding theory (Hommel et al., 2001; Prinz, 1990). In
the case of sniffing, the sound trace becomes associated with the breathing
that causes this sniff. Musicians can perfectly understand this breathing from
their own practices, and therefore associate it with the underlying expres-
sion of timing and tempo, as if they would perform the sniff themselves. A
similar thing happens with the conduction gestures. By observing the conduc-
tor, the musicians couple the preparatory gestures with their own movement
patterns, and therefore understand the underlying expression. This coupling
facilitates predictive processes which involves perception and action (Leman,
2016). Therefore, in both cases, the responsibility of the one who cues is to
render the sensory patterns as clear as possible, as this wil lead to optimal
prediction, and hence, communication among performers.
The fact that these single cues (both visual and auditory) can succesfully
communicate expressive intentions means that information in between onsets
can be as valuable as temporal information extracted from successive onsets
when it comes to timing. Single sub-chunk level gestures can be sufficient for
synchronization, as the characteristics of these gestures (duration, intensity,
speed etc.) provide enough information, especially in a shared musical context.
This provides evidence for an emergent-based mechanism of timing (Torre &
Balasubramaniam, 2009) in performance. At the sub-chunk level, we perceive
movement (and sound) as continuous trajectories in time. Therefore, a con-
tinuous feed-back loop is necessary in order to extract the right information
and make the right prediction, which in this study are the tempo and the
timing of the claps. In that sense, our results support the idea of a dynamical,
continuous feedback-based control of timing.
Chapter 5
Exploring the effect of
tempo changes on violinsts’
body movements
Esther Coorevits, Dirk Moelants, Pieter-Jan Maes, Marc Leman
Abstract
In expressive music performance, tempo is known to be a fundamental pa-
rameter. In this article, we explored effects of changes in musical tempo on
performers’ movement articulations. Eight duos (piano– violin) played two
pieces at a predefined tempo, after which this start tempo was gradually in-
creased and decreased. Throughout the different performances, we measured
acceleration of the violinists’ head and right wrist, together with the downward
force applied by their body to the ground surface. We calculated periodici-
ties in downward force using fast Fourier transform (FFT) analyses and tested
whether differences occurred across different tempi. Also, we clustered accel-
eration and force patterns across different tempi using self-organizing maps
(SOMs) and k-means clustering. The results show that a continuous change
in performance tempo leads to distinct “performance states” with character-
istic bodily behavior in terms of periodic body movement and coarticulated
gestures, which supports theories of tempo-variant motor control.
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5.1 Introduction
Tempo is a fundamental parameter in expressive music performance. The main
aim of the present study is to investigate effects of global tempo changes on
articulatory patterns in violinists’ body movements. We focus on the body, as
we consider bodily articulations as immediate projections of musical expres-
sions and intentions, as those are assumed to be corporeal in nature (Leman,
2007, 2016). At present, there is ongoing debate on the precise nature of
tempo-induced effects on movement control. Central questions are whether
movement control is invariant or variant under tempo transformations, and
whether this is dependent on music-, musical instrument-, task-, and context-
based conditions. These questions are far from trivial as they may point to-
wards fundamental mechanisms underlying motor control. Tempo-variant mo-
tor control implies that patterns of relative movement timing and acceleration
are affected by changes in global performance tempo, which is not the case
for tempo-invariant motor control. The former account emphasizes the role
of self-organization in motor control, arising from dynamical interactions be-
tween the body, brain, and environment (Kelso, 1995; Thelen & Smith, 1998;
Turvey, 1990). The latter account, in contrast, posits that motor actions are
centrally controlled through a dedicated internal clock mechanism (pacemaker
accumulator). Support for the tempo-invariant account to motor control is
given by Repp (1994b). In this study, it was found that characteristic timing
patterns of pianists playing Schumann’s “Tra¨umerei” at three different tempi
(performer 1: 54, 63, and 72 BPM; performer 2: 56, 66, 76 BPM), were highly
similar across the three tempi. Similarly, in two other studies, one by Furuya
and Soechting (2012) and one by Goebl and Palmer (2013), it was found that
keystroke efficiency and accuracy, and finger kinematics in skilled pianists re-
mained stable across different tempo conditions. In contrast, other studies are
indicative of variant timing and articulatory movement performance due to
tempo transformations. For instance, van Vugt, Furuya, Vath, Jabusch, and
Altenmu¨ller (2014), found that playing piano scales at fast and slow tempi led
to qualitatively different timing deviations, confirming the findings of earlier
studies by MacKenzie and Van Eerd (1990), Furuya and Kinoshita (2008), Fu-
ruya and Altenmu¨ller (2013), and Goebl and Palmer (2008; 2009a). Further,
S. Dahl (2005) found that drummers employ different movement strategies and
interpret metrical accents differently across different performance tempi. Also
in string instrument performance, tempo has been shown to affect movement
timing, for example in the execution of notes ine´gales (Moelants, 2011) or the
coordination of bowing gestures (Rasamimanana et al., 2009).
Tempo-variant effects in performance strategies may be attributed to prop-
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erties and constraints of the human motor and perceptual system. On the one
hand, the motor system is involved, as global tempo changes of a musical per-
formance may considerably challenge employed motor strategies, due to the
biomechanical properties of the human body and peculiarities of the musical
instrument. On the other hand, ample studies have shown that changes in mu-
sical tempo may alter the perception of musical structures, in particular those
related to rhythm and meter (Duke, 1994; Handel & Lawson, 1983; Honing,
2007; Parncutt, 1994; Povel & Okkerman, 1981; Van Noorden, 1975). These
action and perception properties and constraints, which are presumably in-
terlinked, suggest that tempo transformations in a musical performance may
eventually cause musical performers to adapt and rearrange their movement
strategies. However, more research is needed to uncover the specificities of
these tempo-induced changes in motor control. For instance, changes in rela-
tive timing and accentuation may develop linearly in proportion to the trans-
formed tempo, or rather occur in a stepwise, nonlinear manner. Nonlinear
or discontinuous changes may be understood from a dynamical systems per-
spective to motor control (Kelso, 1995; Turvey, 1990; Warren, 2006). In this
view, motor control and coordination rely on principles of emergence and self-
organization in a system of many interacting and reciprocally deterministic
components (e.g., body, brain, and environment). Characteristic for this prin-
ciple of self-organization is that a system is attracted towards states where
stable relationships exist between its components (cf. attractor or equilibrium
states). Loss of stability, for instance by imposed tempo transformations of
a motor performance, may cause transitions to other states of equilibrium
(Kelso, 1995; Port & Van Gelder, 1995). A classic example are the transi-
tions in horses’ natural gait when changing speed (from “trot” to “canter” to
“gallop”, or the transition in human locomotion, when going from walking to
running (Cappellini, Ivanenko, Poppele, & Lacquaniti, 2006). However, a sim-
ilar principle may be underlying musical performance under different tempo
transitions. In that regard, certain performance strategies may be efficient and
stable over a range of tempi until stability is lost, leading to a rather abrupt
(discontinuous) transition to another performance strategy.
To explore tempo-induced effects on motor control in more detail, it is
required to take into account a broad range of musical tempi. Currently,
studies that focus on tempo effects on music performance are based on a limited
range of tempi (Moelants, 2011; Repp et al., 2002; M. Thompson, Diapoulis,
Johnson, Kwan, & Himberg, 2015), consider fast tempi only (Goebl & Palmer,
2013), or tend to focus on sound-producing gestures only. In the present
study, we propose taking into account a broader range of tempi to get a more
in-depth view on effects of global tempo changes on musical performers’ body
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articulations. Thereby, we consider two mechanisms in more detail. The first
one relates to the concept of “coarticulation” (Godøy et al., 2010; Hardcastle
& Hewlett, 1999). Coarticulation can be understood as the merging of small-
scale events, such as single sounds and single sound-producing actions, here
called movement primitives (Ijspeert, Nakanishi, Hoffmann, Pastor, & Schaal,
2013; Mussa-Ivaldi, Giszter, & Bizzi, 1994; Shadmehr & Thoroughman, 2000),
into larger units of combined sound and body motion, resulting in qualitative
new gestures (Godøy, 2014b, p. 535). When a gesture is slowed down beyond
a certain threshold, it tends to become split into singular actions or movement
primitives, and conversely, if singular actions are speeded up, they tend to
become fused into one overarching unit or gesture.
A second mechanism is related to period locking. According to the dy-
namic attending theory (Jones & Boltz, 1989), attention can be drawn to
different levels of the metrical hierarchy or periodicities present in music. This
attentional process may be influenced by tempo, as the tactus or most salient
metrical level in the music may shift to a lower or higher metrical level, causing
changes in the attention that is drawn to micro- and macro-timing events and
thus probably changing the articulations of periodic body movement (Burger,
Thompson, Luck, Saarikallio, & Toiviainen, 2014; Clarke, 2005; London, 2004;
Toiviainen et al., 2010)
For the purpose of this study, we invited violinist–pianist duos and asked
each duo to perform two short musical pieces (Canaries/Courante) at a nor-
mal, target tempo. Violinists then had to play each piece under a wide range of
tempo transformations and in two different accompaniment conditions. Once
under normal duet conditions accompanied by the pianist and once accom-
panied by a tempo-transformed version of the pianist’s part, generated by a
computer. Audio recordings were made of the produced music and, addition-
ally, a motion capture system and force plate were used to record movements
and body articulations of the violinists. Analysis of this data comprised two
parts. First, we applied a periodicity analysis (fast Fourier transform, FFT) of
the downward force of the violinist’s body onto the force plate. This allowed
investigating body articulations in relation to metrical levels present in the
music, and whether shifts in these articulatory patterns occur as a result of
tempo transformations (cf. period locking). Second, we clustered accelera-
tion patterns of the violinists’ bowing hand and head, and the FFT output of
the downward force across different tempi using self-organizing maps (SOMs).
This method allowed us to look at whether and how articulatory patterns at





Nine violin and piano duos participated in the experiment. The musicians
were between 19 and 33 years old (M = 22.6), 8 were male, 10 female. They
were all active performers, with at least 10 years of experience (M = 15.8) and
at least 9 years of formal training (M = 13.1) in classical music performance.
The first couple was discarded from analysis because of problems during the
recordings.
5.2.2 Apparatus and materials
The participants were asked to perform two short compositions, which were
selected from a corpus of French baroque dances. This dance music is par-
ticular interesting for studying tempo effects in music, as it allows selection
of short but complete pieces of music that have a distinct character. As it is
dance music, it is closely related to movements that are to be performed in
a specific tempo (Coorevits & Moelants, 2016). The first piece, a Canaries
by Jean-Baptiste Lully, is a lively dance, notated in 6/8. Characteristic is
the dotted figure in the solo part of the violin, which is repeated throughout
the whole piece (Figure 5.1). The second piece a Courante by an anonymous
French composer, is notated in 3/2 and has a more complex rhythmical struc-
ture. The rhythmic figure consisting of a quarter note, dotted quarter and
eight note is distinctive here, as is the more dignified character of the dance
(Figure 5.2). Bowings were indicated in the two scores and the violinists were
instructed to follow them strictly.
A pick-up microphone was used to record the sound of the violin, while the
piano accompaniment was performed on a Yamaha Clavinova digital piano
and recorded via Musical Instrument Digital Interface (MIDI)-output. The
complete performance was recorded with an overhead microphone for the pur-
pose of control. During the performance, 3D displacement of the violinist’s
body (32 markers) and instrument (3 markers on the violin and 3 on the bow)
were measured using the optical motion capture system Optitrack, with 12
FLEX-V100 cameras at a sample rate of 100 Hz. The downward force of the
violinist was measured using four analog pressure sensors attached under the
surface of a plate, on top of which the violinist was standing. These analog
data were equally sampled at a rate of 100 Hz. All data streams were recorded
in Max/MSP, and synchronized.
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Figure 5.1: First piece: Canaries by Jean-Baptiste Lully.
Figure 5.2: Second piece: Courante by an anonymous composer.
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5.2.3 Design and procedure
The duos were individually invited to come to the laboratory. Upon arrival,
they signed an informed consent form and filled out a questionnaire on personal
and musical background. The procedure consisted of a preparing rehearsal, a
series of duet performances with the pianist accompanying the violinist, and
a series of solo performances by the violinist, accompanied by a computer-
generated piano part. During the first part of the rehearsal, the violinist and
the pianist worked alone. The pianist had the opportunity to practice on the
keyboard used for the recordings, while the violinist could get used to playing
in a motion-capture suit. The musicians received the music in advance, so they
had the opportunity to study the pieces individually before the experiment.
They were asked to rehearse the Courante at a tempo of 70 BPM for a half
note, and the Canaries at a tempo of 80 BPM for a dotted quarter note, as
these tempi are in agreement with the characteristic movements that apply for
these dances (Coorevits & Moelants, 2016). Musicians were free to add some
expressive tempo changes and articulations in their playing as no other sug-
gestions for articulation were given in the score. After the musicians indicated
that they felt comfortable with the equipment and music, they rehearsed the
music together. The violinist had to perform with his/her back turned to the
pianist, so he or she had no visual contact with the pianist while playing.
When both musicians felt ready, the actual experiment started. There, the
two musical pieces (Canaries/Courante) had to be performed in two duet con-
ditions (normal/computer-generated duet condition), and in 21 tempo trans-
formations (see Table 1), resulting in 64 conditions. For each musical piece,
violinists first had to perform the complete range of tempo transformations
(Table 1) accompanied by the pianist (“normal duet condition”). In the nor-
mal duet conditions, duos were asked to first perform the musical piece at a
normal/comfort tempo (i.e., 80 BPM for the Canaries and 70 BPM for the
Courante). The performance could be repeated until a duo felt satisfied with
their performance (based on the audio recording they could listen to) and the
tempo deviated not more than 2 BPM. Next, a series of duet performances
started, for which each performance had a slightly faster or slower tempo. Half
of the duos first completed the series of performances with increased tempo,
while the other half of the duos first completed the series with decreased tempo.
Every new target tempo was indicated by four bars of metronome ticks, after
which the pianist started playing. In the end, it could happen (and indeed
happened frequently) that it was not possible for a duo to perform all re-
quested tempi (in particular the extremer, fast tempi). After reaching the last
(possible) tempo of a series of tempo transformations, a new version of the
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original tempo was performed, followed again by a series of gradually decreas-
ing or increasing tempo transformations, so that the whole range was covered.
This procedure was then repeated for the computer-generated duet condition.
Now, violinists had to perform the range of tempo transformations accom-
panied by a tempo-transformed version of the pianist’s part of the original
recording generated by a computer (“computer-generated duet condition”),
which constrained a dynamical duet interaction.
The complete tempo range used in the experiment is shown in Table 1. The
tempo changes followed a base-2 logarithmic (log2) scale division so that each
tempo-octave was divided into six equal steps, starting from 80 BPM for the
Canaries and 70 BPM for the Courante. With a lower-upper limit of 25–254
BPM for the Canaries and 22–222 BPM for the Courante, the whole range of
musical tempi found in classical music performance was covered, leading to 20
tempo transformations in addition to the normal/comfort tempo. Whether the
duos started with increasing or decreasing tempi was held constant between
duet conditions, but was counterbalanced between pieces and duos.
5.2.4 Data pre-processing and feature extraction
Audio
From the audio recordings of the violin, note onsets were annotated using the
program “Praat”(Boersma & Weeninck, 2015). For each note onset, we further
annotated its rhythmical and metrical value in order to create a hierarchical
time framework for the analysis of the movement data. To obtain the rhythmic
value, we labeled each detected onset with the corresponding note value, which
is the notated rhythmic value in the score. For the Canaries, these values were
the dotted 8th note (15 times), the 8th note (15 times), and the 16th note
(15 times). The dotted quarter note was not considered, as it occurred only
twice as the last note of the musical phrase. In the Courante, the considered
rhythmic values were the half note (4 times), dotted quarter note (12 times),
quarter note (16 times), and 8th note (14 times). Again, the last note of the
phrase was not taken into account. To obtain the position in the metrical grid,
we labeled each detected onset with a label that referred to the note’s position
in the metrical grid. In the Canaries, a bar comprises two beats (strong and
weak), while in the Courante, a bar consists of three beats (first, second, third).
When referring to the beat, we mean the first note played on that beat. When
in the Courante, for example, two quarter notes are played in the second beat
of the bar, we refer to the first quarter note of that beat when we talk about
the second beat.
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Movement
From the movement recordings of the violinist, we analyzed downward force
and acceleration. The downward force of the body was the downward force of
the complete body applied to four sensors under the surface of the plate. This
gives an indication of the downwards/upwards acceleration of the body, as
F = m× ag, with F being the force, m being the mass of the body and ag the
acceleration of the body. For each sample (using a sample rate of 100 Hz), we
obtained this downward force by taking the sum of the forces applied to each
of the four sensors (Figure 5.3). To normalize the force values, we subtracted
the mean force over all samples in a specific performance from the force of
each individual sample. This resulted in an array of values (one per sample)
representing the change of weight over time (Figure 5.3). These values are used
in a Fourier analysis (Figure 5.3) to detect periodicities in the movements of
the body. The Fourier analysis is based on a fast Fourier transform (FFT) with
transform length n = 2p with 2p ≥ m and m = length of the input vector.
Using the Mocap Toolbox (Burger & Toiviainen, 2013), a centroid was
calculated from the three markers that were attached to the head (Figure
5.4). First, we smoothed the three-dimensional head position data of each
performance using a Savitzky-Golay filter with order 3 and window length 11.
Then, we calculated the scalar velocity of the head as the norm of the first
derivative of the smoothed three-dimensional position data. The obtained
speed signal was smoothed using a Savitzky-Golay filter with order 3 and
window length 15. Next, we calculated head acceleration as the derivative of
the speed signal. In order to compare the movements over different tempi, the
acceleration signal was time-warped using a b-spline basis and note onsets as
knots, following the methods outlined in J. Ramsay et al. (2009). Accordingly,
all performances of each piece had the same number of sample points (2880
samples for the Canaries, 7200 for the Courante), enabling a comparison across
the different tempi. For each trial, we also calculated the acceleration of the
violinist’s right wrist using the same methods as for the acceleration of the
head.
5.3 Analysis and Results
5.3.1 Downward force periodicities
Using fast Fourier transform analysis, we calculated the frequency components
of the violinists’ downward force for each performance. Based on the tempo
of the performance and the different metrical levels of the music, useful fre-
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Figure 5.3: a: (Top left) Surface with four pressure sensors. b: (Top right)
Change of weight expressed as instantaneous weight subtracted by the mean
weight of the participant. c: (Bottom left) Fast Fourier Transform of the
change of weight, showing periodicity peaks
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Figure 5.4: Head markers used to track the 3D-position of the head. The cap
was placed on the head with the brown leather strip on the forehead.
quency bands were extracted. For instance, if the Canaries was performed at
120 BPM for a dotted quarter (half a bar or beat-level), the area around 2 Hz
will be a useful frequency band, but 1 Hz (bar-level) and 6 Hz (level of the
eight note) as well. For each metrical level, the corresponding frequency band
was defined using the frequency of the metrical level as the center and adding
+ and – 2.5 %, which is based on the entrainment basin for tempo found in
Van Dyck et al. (2015). The peak or maximum amplitude of each of these
frequency bands (magnitude spectrum) was used to indicate the strength of
the body’s downward force within these bands. The normalized amplitudes
(i.e., the maximum amplitude of that frequency band divided by the mean
amplitude of the performance) show the contribution of each frequency band
in the total magnitude spectrum. The ratios between these normalized am-
plitudes expressed as a percentage of the total of all relevant frequency bands
gives a good impression of the importance of the different frequencies in the
body movements of the musician, and hence the metrical levels or periodicities
in the music. Paired sample t-tests on the ratios of the normalized amplitudes
showed that there was no significant difference between normal duet condi-
tion and computer accompaniment duet condition for the importance of the
metrical levels. Therefore, for each performed tempo-level in both conditions,
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Figure 5.5: Peak amplitude for each frequency band (bar, half bar, dotted
8th note, 8thnote, and 16th note) averaged over all participants and both duet
conditions, expressed as a percentage of the total (100%) of all relevant fre-
quency bands. Significant negative correlations between half bar and 8th note
and half bar and 16th note in the Canaries are indicated by the slopes.
the average over subjects was calculated for each relevant frequency band. By
means of Pearson correlation, we tested whether the presence of differences
in movement periodicities changed according to changes in tempo. For the
Canaries, the mean of these periodicities for all tempi that were performed by
at least 80%1 of the participants showed a strong negative correlation between
the level of the half bar and periodicities at the level of the 16th note (r =
-.91, p <.001), as well as a negative correlation between half-bar level and 8th
note level (r = -.80, p <.01) (Figure 5.5). A negative correlation was also
found between periodicity strength at the 8th note and half note level in the
Courante (r = -.84, p <.001) (Figure 5.6). Overall, the periodic body move-
ments articulate higher metrical levels (= lower frequencies) in faster tempi
more than in slower tempi and lower metrical levels (= higher frequencies) in
slower tempi more than in faster tempi.
1As not all participants were able to perform both pieces at all tempo levels (some were
too slow or too fast), we considered only those tempo-levels that were performed by at least
80% of the participants.
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Figure 5.6: Peak amplitude for each frequency band (bar, whole note, half note,
quarter note, 8th note) averaged over all participants and both duet conditions,
expressed as a percentage of the total (100%) of all relevant frequency bands.
Significant negative correlations between half note and 8th note in the Courante
are indicated by the slopes.
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5.3.2 Clustering of movement patterns
We wanted to compare acceleration patterns of the violinist’s head and right
wrist, and the normalized peak amplitude of the FFT (periodicity of downward
force) across the different tempi, and group these patterns into different clus-
ters according to their (dis)similarity. For this purpose, we used self-organizing
maps or SOMs (Kohonen, 1998). SOMs are a type of unsupervised artificial
neural networks used to cluster high dimensional data (here, the movement
patterns and the FFT output for each performed tempo) by projecting it onto
a 2-dimensional grid or map. This is done as follows:
1. Initializing of the map. The number and shape of neurons is chosen, in
our case a rectangular map with hexagonal neurons. A random vector
(referred to as reference vector) is assigned to each neuron in the grid.
These reference vectors have the same number of data points as the
high-dimensional input data.
2. Training of the map. The training is based on an iterative process where
the data points of the reference vectors are adapted to the values of
the data points of the input data. Therefore, the reference vectors are
generalizations of the high-dimensional input data. During the training,
the neurons that contain similar reference vectors will be moved closer
to each other, while neurons with dissimilar vectors are moved further
away from each other.
3. Clustering of the map. The obtained SOM is a reduction from the orig-
inal high-dimensional data space to a two-dimensional grid of neurons
containing reference vectors. The distance matrix (or U-matrix) then
gives a visual representation of the Euclidian distance between the dif-
ferent neurons (containing reference vectors) in the map. On this Eu-
clidian distance, k -means clustering can be applied to detect clusters in
the original data. . . .
Here, the SOM was initialized with hexagonal neurons in a rectangular
grid and trained with a batch training algorithm (Kohonen, 1998), using the
SOM-Toolbox for Matlab (Alhoniemi et al., 2005). The training of the map
consisted of two phases. In the first phase (rough training), the learning rate
started with 0.5 and the neighborhood radius started from the maximum of the
map’s size divided by 2 and went down to one fourth of that (unless this was
less than 1). In the second phase (fine-tuning), the learning rate started from
0.05 and the neighborhood radius started with the value where it stopped in
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the first phase, and went down to 1. The neighborhood functions used during
the training was a Gaussian one, and the learning rate function was inversely
proportional to time.
As illustrated in Figure 5.7, we applied 12 SOMs for each violinist: one
SOM per musical piece (Canaries/Courante), movement feature (head/wrist/pe-
riodicity (i.e., downward force)), and duet condition (normal/computer), which
resulted in 96 SOMs. The input matrix used to train a SOM contained n data
vectors of a violinist’s performances over the whole tempo range (n = num-
ber of performed tempi, ideally, n = 21 performances, but in practice, this
never happened) (Figure 5.8 a). Each data vector contains the complete,
time-warped acceleration pattern of head/wrist that represent the complete
performance in the nth tempo, or the periodicities of downwards force in the
nth tempo. Based on the resulting distance matrix (or U-matrix, Figure 5.8
b) for each SOM, k -means clustering analysis was used to calculate clusters
of tempi, in which movement patterns exhibit high similarity (Figure 5.8 c).
The mean squared error (MSE ) of the different cluster groupings was used
as a reference to decide what number of clusters was representative for the
data, following the “elbow method”outlined in Ketchen and Shook (1996). In
addition, we verified how acceleration patterns of head and wrist changed in
these clusters. For each cluster in a SOM, all acceleration patterns in a cluster
can be represented by one or more reference vectors in the map. These could
be visualized (Figure 5.8 d) and used for further interpretation, which will be
explained in the next section.
To obtain a suitable clustering with the elbow-method, two (14% of the
cases), three (63% of the cases), or four (23% of the cases) clusters were suf-
ficient. For each SOM, there are boundaries between clusters, which also cor-
respond to a specific tempo range. These tempo-ranges vary strongly among
participants, given the different number of clusters and differences in per-
formed tempi. In order to compare the clustering among participants, the
tempi within each boundary range were given the value 1, indicating that a
transition in movement behavior occurred in this range. When, for example,
50 BPM is in one cluster and 56 BPM in another, tempi 51, 52, 53, 54, and 55
BPM are given a value of 1. This was done for each SOM (8 participants ×
2 musical pieces × 3 movement feature × 2 duet conditions). Consequently,
adding up all values for each tempo and each SOM gives an estimation of the
cumulative chance of getting a transition at specific tempi. For all 96 SOMs,
the cumulative occurrences of transitions (tempi between one cluster and an-
other) are displayed in Figure 5.9. The cluster boundaries in the two duet
conditions are not indicated separately, so each color contains both the perfor-
mances in normal duet conditions and computer-accompanied conditions (=
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Figure 5.7: Overview of cluster analysis. For each performance, warped accel-
eration patterns of head and right wrist were extracted, as well as the strength
of periodicities of the downwards force. These three variables were organized in
three input matrices with an input vector for each performed tempo. For each
of these input matrices, a SOM was extracted, resulting in a U-matrix, which
was used to apply k -means clustering on. For each participant, 12 cluster
groupings were calculated: for both musical excerpts (Canaries & Courante),
both duet conditions (normal or computer as accompaniment) and for the
three variables (acceleration of head, wrist, and strength of periodicity).
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Figure 5.8: a: (Top left) A part (150 samples) of the n warped input vectors for
training a SOM. Tempo is indicated with colors, from the slowest (dark blue) to
the fastest (dark red). b: (Top right) U-matrix or distance matrix of the SOM.
Distance between neurons in the map are indicated with colors, from close
(dark blue) to far (dark red). c: (Bottom left) SOM displayed with k -means
clustering. In this case, three clusters were used for the optimal configuration.
d: (Bottom right) A part (150 samples) of the reference vectors from the SOM
that represent the input data, clustered using k -means clustering.
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16 performances), which enhances the legibility of the graph. Local minima
and maxima tell us which tempi have the lowest and highest chance of be-
ing a cluster boundary. Local maxima or the tempi with the highest chance
of being a cluster boundary are 37, 57, 75, 103, and 168 BPM. These max-
ima were compared with standardized tempo-ranges (in BPM) that are used
on contemporary metronomes (Largo: 40–60 BPM, Larghetto: 60–66, Ada-
gio: 66–76 BPM, Andante: 76–108 BPM, Moderato: 108–120 BPM, Allegro:
120–168 BPM, Presto: 168–200 BPM, Prestissimo: 200–208 BPM).2 Remark-
ably, cluster boundaries correspond with or lie very close to the boundaries of
the tempo categories on the metronome. Only the boundary between Allegro
and Moderato is not represented in the cluster data.
5.3.3 Acceleration patterns of head and wrist
In order to better understand the clustering obtained from the SOMs and the
movement transitions that are represented by these clusters, we can look into
more detail at the reference vectors, whose values represent the acceleration
patterns of head and wrist in one cluster. The differences in the number of
clusters and tempo-ranges over the different duos indicate that participants
exhibit some idiosyncratic behavior. In this perspective, a general summary
of the reference vectors of all 96 SOMs would not facilitate the interpretation
of the clusterings. To illustrate this idiosyncratic behavior and to show the
movement transitions that are represented by the different clusters, we used
some of the SOMs of Participant 6 (P6) and Participant 7 (P7), which were the
most distinct examples. Figure 5.10 shows the reference vectors that matched
with the acceleration patterns of the head of P6 and P7 clustered according
to the SOM, over the first beat and the second beat in the Canaries. For both
participants, it can be observed that the acceleration amplitude of the head
on the first beat increases with increasing tempo (Figure 5.10). This increase
2The first version of Ma¨lzel’s metronome had a tempo range from 48 to 160. In later
versions this evolved to the 40–208 range, which is still in common use today. Ma¨lzel also
included tempo categories on his metronome, however, they do not correspond to the cur-
rent practice (the “adagio”category, for example, reached from 96 to 126). This has led to
a large amount of literature on the interpretation of metronome signs found in 19th cen-
tury compositions, especially in the work of Ma¨lzel’s friend Ludwig van Beethoven. Much
less documented is the evolution of the tempo categories over time. By the end of the
19th century, other categorizations appear and in the 20textsuperscriptth century the cur-
rent standard is established: Largo (40–60), Larghetto (60–66), Adagio (66–76), Andante
(76–108), Moderato (108–120), Allegro (120–168), Presto (168–200), Prestissimo (200–208).
This system is used by popular manufacturers like Wittner and Seiko and seems to reflect
how musicians today think about tempo categories and their movement character (Kowar,
2002).
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Figure 5.9: Cumulative occurrence of transitions (tempi between cluster
boundaries) in acceleration data of wrist and head, and periodic body move-
ment. On top, the regular categories of tempi in classical music (as found on
contemporary metronomes) are added. Larghetto (60–66 BPM) and Prestis-
simo (200–208 BPM) are not included.
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in amplitude does not occur, however, on the onset of the second beat. There,
we do find an increase in the acceleration amplitude of P7, but not in the
acceleration amplitude of P6. In the latter, we see a big increase on the 16th
note of beat 2, an effect that can be observed to a lesser extent on the same spot
for P7 as well. Remarkably, this increase in amplitude with increasing tempo
goes mostly together with the down strokes in the music. What is even more
remarkable is the changing shape of the acceleration pattern (Figure 5.11).
While in the fast tempi, only one local maximum or peak can be observed
around the onset of beat 1 for P7, an anticipatory peak and dip occur in the
slow tempi. A similar pattern can be observed on the onset of beat 2 for P7
(Figure 5.11), but also very clearly on the 16th note of the second beat for
P6. This kind of transformation can be observed in the complete acceleration
pattern of both P6 and P7’s head, and point to strategies of coarticulation
and chunking.
In the performances of the violinists, we can indeed observe that movement
in slower tempi is characterized by periods of stable acceleration around zero,
which alternates with periods of changing acceleration. As a consequence,
more local minima and maxima can be observed in the slower tempi. On the
other hand, movement in faster tempi is characterized by a changing accelera-
tion over the complete beat pattern, resulting in less maxima and minima. In
other words: separate movement primitives merge into overarching, continuous
chunks of motion in faster tempi, or the other way around: larger movements
are split into smaller chunks or movement primitives in slower tempi. In fact,
a very clear distinction between the different clusters can be observed in terms
of coarticulated patterns and acceleration amplitude in the given examples.
The acceleration patterns of the wrist reveal similar behavior. Figures
5.12 and 5.13 display the acceleration patterns of P6’s bowing hand. Again,
a change in acceleration amplitude over the different tempo clusters can be
observed as well as phase transitions in movement, visible in the transformation
from distinct gestures to more continuously, coarticulated movements. Note
that the effect is most prominent in the smaller note values, meaning the
preparation and playing of the 16th note.
5.4 Discussion
In the present study, the effect of tempo on expressive music performance was
approached from the viewpoint of body movement and gestures. The main goal
was to investigate how movement changes due to changes in metronome tempo
can be interpreted in the light of tempo-variant and tempo-invariant motor
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Figure 5.10: Warped acceleration patterns of P6 and P7’s head on the first and
second beat in the Canaries. Colors indicate the obtained clustering according
to the SOM, with blue being the slow tempi, green the middle range, and red
the fast tempi.
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Figure 5.11: Warped acceleration patterns of P6 and P7’s head on the first
and second beat in the Canaries, split up by tempo cluster. Colors indicate
the obtained clustering according to the SOM, with blue being the slow tempi,
green the middle range, and red the fast tempi. Local minima and maxima
are indicated with black markers and reveal coarticulated patterns.
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Figure 5.12: Warped acceleration patterns of P6’s right wrist on the first and
second beat in the Canaries. Colors indicate the obtained clustering according
to the SOM, with blue being the slow tempi, green the middle range, and red
the fast tempi.
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Figure 5.13: Warped acceleration patterns of P6’s right wrist on the first and
second beat in the Canaries, split up by tempo cluster. Colors indicate the
obtained clustering according to the SOM, with blue being the slow tempi,
green the middle range, and red the fast tempi. Local minima and maxima
are indicated with black markers and reveal coarticulated patterns.
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control. This was done by applying an analysis of periodic body movement
and coarticulation in music performance.
First, our results showed that depending on the metronome tempo, peri-
odicities in the downward force of the body that are related to metrical levels
in the music have different relative intensities. Lower periodicities were more
present when performing in faster tempi, and higher periodicities were more
present when performing in slower tempi. Otherwise said, the salience of differ-
ent metrical levels of the body movements emphasized the metrical hierarchy,
an important aspect of musical expressivity. Even though all metrical levels are
present in the violinist’s movement at both fast and slow tempi, their relative
strength shifted as a result of global tempo transformations. However, with
Pearson correlation, a linear relationship under tempo transformation between
only two metrical levels at a time can be investigated and revealed, while the
musician’s adaptation to a faster or slower tempo could also be conceived as a
dynamic process in which a new periodic equilibrium between more than two
metrical levels has to be found. To reveal these more complex “performance
states”, self-organizing maps (SOMs) were used.
SOMs were used to interpret the periodicity outcomes (FFT output) as well
as the acceleration patterns of the participants’ head and bowing hand. The
violinist’s performances could be grouped in distinct tempi clusters according
to the (dis)similarity of the data. These clusters may point to distinct perfor-
mance strategies that are employed throughout a range of performance tempi
and resemble the so-called attractor or equilibrium states, in line with a dy-
namical systems view on motor control. Remarkably, parallel potential borders
(transitions from one cluster to another) were found in the two pieces and in
the different cluster data. These zones of low and high potential reveal a strong
analogy with tempo categorizations often found on contemporary metronomes.
Only the border between Moderato and Allegro (120 BPM) is not marked by
high transition potential, which is the tempo that corresponds with the pre-
ferred tactus for rhythmic actions, such as walking (Nozaradan, Peretz, &
Mouraux, 2012; van Noorden & Moelants, 1999) or tapping (Delevoye-Turrell
et al., 2014; Fraisse, 1982; Moelants, 2002). This is probably why around this
tempo few transitions in movement behavior were found.
The observation that tempo indications and motion are related is not a
new idea, but has not been explored thoroughly in empirical studies on music
performance yet. A possible explanation is that implicit or explicit knowledge
about traditional tempo markings – formed through our musical experience –
may drive the employment of different movement strategies. More likely, how-
ever, it could indicate that traditional tempo markings originated from musi-
cians’ embodiment. As early as during the Baroque, verbal tempo indications
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like Allegro and Andante began to be used, mostly referring to a characteristic
movement or mood in the music (Cyr & Pauly, 1998). French music theorists
often used the expression air de movement to refer to the precise character
and tempo of the music, especially regarding dance music (Coorevits & Moe-
lants, 2016; L’Affilard, 1702). In fact, not frigid metronome figures, but “the
movement’s inner measure is the sole determinant”, as Robert Schumann once
said (Sachs, 1953). More recently, Gabrielsson (2001) stated that “tempo first
of all relates to experienced motion. Although the original Latin word tempus
means time, in music, tempo designates the experienced rapidity of motion
or flow.”(p.34, italics in original). The clustering of movement data reveals
almost exactly these boundaries between tempo ranges that are used in clas-
sical music performance. These categories originally emerged out of the need
to classify musical movement (i.e., dance music), rather than giving just an
indication of the correct tempo. This shows that it is very natural to feel
and think about tempo in terms of body movement and the feeling of motion,
and therefore, we argue that the musical expression connected to tempo pos-
sibly emerges out of the sense of motion, as also emphasized in the studies of
Clarke (2001); London (2004); MacDougall and Moore (2005); Shove and Repp
(1995); Todd (1992, 1999); van Noorden and Moelants (1999). Movement, its
related kinematic and kinesthetic aspects, and the constant interplay between
the different embodied metrical levels could clarify characteristic changes in
performance states as we experience it in different musical tempi.
In order to understand the clustering obtained by the SOMs, the data of
Participants 6 and 7 were used to illustrate which kind of movement transitions
are represented by the different clusters. The acceleration patterns of the head
and wrist revealed changing motor strategies when the tempo changes. Espe-
cially the shifting coarticulation patterns of movement primitives in wrist as
well as head movement suggested that the different performers applied strate-
gies of chunking, and that tempo strongly influences movement dynamics and
dynamic phase transitions in these movements. A gradual increase of the am-
plitude of the acceleration with increasing tempo indicates changing movement
dynamics as well. More jerky movements are required in performing faster
music, which is consistent with recent findings of London et al. (2016), where
vigorous dance movements caused increased tempo ratings of the presented
stimuli.
This is reminiscent of Shaffer (1984), who wrote: “Note timing is, in effect,
embodied in the movement trajectories that produce them”(p. 580). In our
results, these trajectories are apparent mostly at the individual level. We used
exemplary data (visualization of the data of individual subjects) to reveal the
differences between the tempo clusters that we obtained with the SOMs, while
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the summary of the results over all participants does not clearly show these
distinct states, for example when we look at the summary graph of the periodic
body movements (e.g., Figures 5.5 and 5.6). It has already been emphasized
that muscular behavior and joint kinematics can strongly differ among musi-
cians performing the same task (Furuya, Aoki, Nakahara, & Kinoshita, 2012).
Hence, in future work, quantitative methods to study the individual movement
strategies of the performer should be applied to tackle this problem.
In summary, musicians entrain to different metrical levels, which result
in different periodic body movements and changing coarticulated patterns in
the movement trajectories of the performing musician, leading to distinct per-
formance states that represent different tempo categories. In our results, a
continuous change in performance tempo did not lead to a corresponding con-
tinuous change in performance style. Performers rather exhibited fewer num-
bers of “performance states”separated by transitions over the different tempo
clusters, which was illustrated in the examples of Participants 6 and 7. This
supports the idea that a generalized motor program is not responsible for the
action output of musicians as some results in Furuya and Soechting (2012),
Goebl and Palmer (2013), Repp (1994b), and Shapiro, Zernicke, Gregor, and
Diestel (1981) suggest, but that different “action templates”are engaged in a
dynamic interaction with the environment when playing in different tempi (De-
sain & Honing, 1994; Furuya & Altenmu¨ller, 2013; Furuya & Kinoshita, 2008;
Goebl & Palmer, 2008, 2009a; Repp & Doggett, 2007; Todd, 1995; van Vugt et
al., 2014). These conflicting results in experimental research suggest that both
control mechanisms could be deployed separately or in co-operation. Schmidt
and Lee (2011), who developed the generalized motor program concept, ac-
knowledge that for certain motor tasks, especially those that involve contin-
uous and rhythmic movements with relatively long durations, using feedback
from the environment and body could be critical to successful performance.
If both centrally and dynamically organized systems can co-exist, we should
obtain more knowledge about the various person- and context-based factors
and conditions, such as the musical instrument, the music performed, different
body parts, and many more, that lead to the deployment of a specific control
mechanism.
However, from our results it cannot be concluded whether these control
mechanisms are a consequence of purely biomechanical constraints of moving
in a specific tempo or rather an adaptation induced by the perceived outcome
of performing actions (i.e., how the music should sound or be performed). As
this study concerns music, we are dealing with much more complex phenomena
than just everyday movements. According to the process of enactment Leman
(2016), humans turn very complex patterns into units which can be dealt with
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in terms of actions, both in generating (encoding) and perceiving (decoding)
musical patterns. These musical patterns provide sensory information to the
brain and are associated with supposed causes of those patterns. When per-
forming, predictions about the outcome of one’s actions are projected onto the
music and music is therefore regarded as the outcome of the actions that led
to performance movements. When perceiving musical patterns, the predictive
abilities of the brain will still associate these patterns with action causes. In
short, enactment is a predictive process that steers both perception and ac-
tion. Musical sound patterns are then predicted in association with actions,
and in association with expected outcomes of these actions, in other words: it
involves a tight coupling of perception and action. Sensory information inflow
is thereby handled in terms of possible causes that generate this sensory in-
formation inflow. Therefore, we can assume that the control mechanisms that
are responsible for the movement patterns (or actions) generated in a specific
tempo are a consequence of this enactment process (incorporating the predic-
tions of musical outcomes) rather than being purely biomechanical constraints
of moving in a specific tempo, though the latter is of course a constituent of
this enactment process.
Similarly, it is known that timing and tempo are not perceived in a linear
manner as well, but are shaped by grouping events together in chunks, or
time-slots that are perceived as a whole (Godøy et al., 2010). These chunks
could be a result of perceiving coarticulated patterns as caused by movements
that are fused into one overarching action, and the dynamic bodily expression
of different metrical levels in the music. But, it could be the other way around
as well: our prediction of the sounded outcome in chunks could induce the
actions that produce these specific bodily articulations.
In summary, our results indicate that period locking, coarticulation and
chunking are embodied aspects of time perception, which could be a key to
understand the control of movement timing in music with different tempi.
This study only provides a starting point for studying movements of mu-
sicians in the context of tempo changes and motor control. On the one hand,
our results support the idea that variant motor programs lie behind the per-
formance of music in different tempi. On the other hand, the methods we used
(SOMs and k -means clustering) might favor these outcomes. However, with
the exemplary data we could verify that the detected clusters in fact consisted
of (sometimes very) different movement patterns. Moreover, if the different
bodily articulations of the performers would have been tempo-invariant, they
would have been more randomly assigned to the different clusters, not resulting
in distinct tempo clusters but rather mixed with no systematic tempo cluster-
ing in the SOMs. Also, not only sound-producing actions (the bowing hand)
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but the whole body showed this tempo-variant behavior, both in acceleration
patterns as in periodic body movement. This is in line with a dynamical sys-
tem perspective to motor control (Kelso, 1995; Turvey, 1990; Warren, 2006),
where motor control and coordination rely on principles of emergence and
self-organization in a system of many interacting and reciprocally determinis-
tic components (e.g., different body parts, brain, and environment). Though
our explorative methodology did not incorporate dynamic modeling in the
analysis framework, the results can be interpreted in light of this theory. The
changing metrical levels that are present in the downwards movement of the
body point at period locking, while clustering of both head and wrist data re-
vealed aspects of coarticulation and distinct performance strategies that mark
a stable tempo range, with a transition (observed in the cluster boundaries) to
the next stable performance strategy. As musical intentions and expressions
are often communicated with body movements (Leman, 2007, 2016), the next
step would be to establish a relationship between the individual movements
of performers and the according musical expressions and sounded outcome,
like accents, articulation or rhythmic timing. The different movement clusters
could then even represent different “intentional or expressive states”that are
perceived in a similar way by the audience.
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Chapter 6
Tempo in Baroque music
and dance
Esther Coorevits, Dirk Moelants
Abstract
Growing interest in studies on the relationship between music and movement
has given rise to many paradigms and theories, including embodied approaches
that provide interesting methodologies in studies on music and dance. Insight
into the relation between dance and music is particularly important for the
Baroque period, as a direct connection between music and dance was om-
nipresent, even if music was not used to dance to. Many types of Baroque
dances existed, each of them with particular dance steps and a specific charac-
ter, requiring a specific tempo. However, in music performance practice today,
the link with the original dance movement is often lost and the tempo varia-
tion can be very large. The aim of this study is to compare the interpretations
of dancers and musicians regarding Baroque music and dance in an experi-
mental setting. First, we investigate the influence of dance movement on the
musical interpretation of a series of Baroque dances. The pieces were recorded
both with and without dance accompaniment and the tempo and timing in
the different versions were compared. In the second part, dancers performed
a particular choreography to music that varied in tempo. Video analysis and
questionnaire data were used to evaluate the different performances. The re-
sults were compared with the tempi of music recordings of the same dance
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types, showing a clear difference between music and dance performance. Mu-
sicians adapt their interpretation when performing together with the dancers,
and the optimal tempo range found for certain Baroque dances coincides only
partly with the tempi commonly found in music recordings. The direct link
between music and movement and its mutual influence illustrates the impor-
tance of an embodied approach in music performance, where in this case dance
movement gives concrete information for a “historically informed”performance
6.1 Introduction
Regardless of style or region of origin, music and dance are closely related art
forms. Not only is dance almost always accompanied by music, the corporeal
aspects of specific music genres influence the way we interpret and perceive
music. Insight into the relation between dance and music is particularly rel-
evant for the Baroque period for a number of reasons. First, the direct link
between music and dance practice is very important in this era. An important
share of Baroque music was composed with the intention to serve as dance
music in a social context or in theatrical settings. Second, the influence of
dance music is very prominent in other genres; instrumental music often uses
dance movements as a model, but also in vocal genres such as cantatas or
oratorios, references to dance movements are prominently present. Therefore,
music of the Baroque era cannot be fully understood without insight in the
dance practice of that period. Up to now, scholarly research on Baroque dances
has mainly focused on either dance or music and was generally based on writ-
ten sources, while few attempts have been made to shed light on the mutual
interaction between dance and music in an actual performance context.
In this paper, two empirical studies that explore the interaction between
dance performance and the interpretation of Baroque music are presented.
Most research on timing in classical music has focused on post-Baroque reper-
toire (e.g., Clarke, 1982; Clynes, 1987; Palmer, 1989; Repp, 1992; Todd, 1985).
Examples from the corpus of Baroque music have been used to illustrate as-
pects of expressivity (De Poli, Roda`, & Vidolin, 1998; Povel, 1977), inter-
pretation of musical structure (Cook, 1987), and motor skills (Shaffer, 1981),
but not in the context of historical performance practice. Empirical studies
that deal with issues such as timing and expressivity in historical performance
practice are quite rare. Although phenomena such as overdotting (Fabian &
Schubert, 2004), onset asynchronies in harpsichord performance (Gingras, As-
selin, Goodchild, & McAdams, 2009), or notes ine´gales (Moelants, 2011), have
been studied in the past, to our knowledge, the relation with dance movement
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has not yet been taken into account in research on timing and expressivity.
At the same time, we see a growing interest in studies on the relation-
ship between music and movement in more general terms. The topic appears
in different areas, such as musical development (Phillips-Silver & Trainor,
2005), music education (P. S. Campbell, 1991), rehabilitation (Thaut & Abiru,
2010a), musical communication (Moelants, Demey, Grachten, Wu, & Leman,
2012), or auditory-motor coupling (Leman et al., 2013). This embodied ap-
proach has given rise to a large spectrum of methods that can be applied to
study the relationship between dance and music. Studies such as these cover a
wide range of interests in the field of psychology, for example, the development
of rhythmic synchronization (Zentner & Eerola, 2010), the study of beat deaf-
ness (Phillips-Silver et al., 2011), or the relation between dance and induced
or perceived emotion (Burger, Saarikallio, et al., 2013; Van Dyck, Maes, et
al., 2013). From a musicological point of view, considerable interest has been
directed towards the relation between structural aspects of music and move-
ments (Burger, Thompson, Luck, Saarikallio, & Toiviainen, 2013; Van Dyck,
Moelants, et al., 2013). Other studies have focused on the relation between
dance and music in specific genres, such as samba and charleston (Leman &
Naveda, 2010) or flamenco (Maduell & Wing, 2007). Artists also have been
interested in the relationship between dance and music. This interest has
resulted in collaborations with engineering departments to create interactive
environments for dance performance (e.g., Camurri et al., 2000). However,
until now, the relation between historical dance and music performance has
not been a topic of empirical studies. On the other hand, several studies have
stressed the importance of dance for the interpretation of Baroque music, based
on the study of written sources, eventually combined with personal experience
(Franko, 2011; Little & Jenne, 2001). They did not, however, systematically
investigate actual performances.
In this paper, we will first go deeper into the relation between Baroque
dance and music, give an overview of some aspects of dance that have a crucial
influence on the interpretation of the music, and present two experiments in
which the relation between music and dance is explored in a real performance
context.
6.2 Dance and music in the baroque era
During the 17th century, dance reached its status as a serious art discipline
in the Western tradition, which eventually would lead to the “romantic”ballet
of the 19th century (Franko, 2011). The leading nation in the development of
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dance as an art discipline was France. Court dancing, refined and graceful in
style and technique, symbolized French culture and was considered superior to
any other dance form in Europe (Little & Jenne, 2001). The dissemination of
French culture through noble dance was not the least accomplished by French
dancing masters who were employed at every notable European court. To
quote Rameau (1725): “Il n’y a point de cour dans l’Europe qui n’ait un
maˆıtre a` danser de notre nation.”[There isn’t any European court that hasn’t
employed a [French] dancing master.] Along with the dance, they spread
the music accompanying it. Thus, both the European aristocracy and court
musicians and composers came into contact with French dances and their
music. Also, music theorists of the 17th century encouraged musicians to
refine themselves in the art of dancing in order to feel the natural rhythmical
flow and pulse of the music (Muffat, 1698).
The chief tools in the dissemination of court dance were the many dance
treatises and manuals that were published and spread throughout Europe. In
1700, a dance notation system developed by Pierre Beauchamp was published
by Feuillet in his Chore´graphie, ou l’art de de´crire la danse (1700). It elabo-
rated an extended and complex dance vocabulary and was the most popular
system at that time. Its chief components are symbols describing the move-
ments of the dancers’ feet and legs, the distribution of these symbols along
the dance path where the bars of music are indicated, and the corresponding
music tune at the top of the page, showing the relation between music and
dance (Pierce, 1998).
The vision of the dancer-choreographers was that writing down dances in
a fixed system could ensure the correct and complete transferal of dances from
one generation to another (Franko, 2011). The codified steps - the path of
choreography and its relation to the music - give us a lot of information to
apprehend court dance. But at the same time, the complexity of these systems
can obscure the correct interpretation. Dance masters were aware of this
issue and wrote treatises about the interpretation of dance notation. Famous
examples include Traite´ de la Cadence (Feuillet & Pe´cour, 1704) and Le maˆıtre
a` danser (Rameau, 1725). Still, a lot of aspects remain open to interpretation,
especially the relationship between choreography and music. Two scholars who
made a major contribution to research on the relation between Baroque music
and dance are Wendy Hilton (Hilton, 1977, 1981, 1986) and Meredith Little
(Little, 1975a, 1975b; Little & Jenne, 2001). Their studies explore the different
aspects of Feuillet notation and derive characteristics of both dance and music
to unfold the interaction between choreography and music tune.
But the influence of dance practice goes beyond actual dance music. During
the 17th century, stylized dance music emerged that contained more elaborated
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melodic and rhythmic traits, intended for concerts without actual dance perfor-
mance (Burkholder, Grout, & Palisca, 2010; Spitzer & Zaslaw, 2005). One of
the questions here could be whether the original dance practice is still traceable
in the performance of these works. Despite the absence of choreography, dance
and music were not entirely disconnected, even if the music was written for
solo-instruments such as the lute or the viol, which were normally not used to
accompany dance performances. Both musicians and composers had practical
knowledge of ballroom and theatre dances,which inevitably influenced their
compositions and performances. Dance music, whether it was intended for
ballroom or concert performance, maintained its air de mouvement1 (Bayle,
1992): “L’esprit est le meˆme et l’exe´cution si pre´cise musicalement, qu’on con-
nait d’abord de quelle espe`ce chaque aire est et qu’on se sent comme inspirer,
meˆme malgre´ soi, l’envie de danser.”[The spirit is the same and the perfor-
mance musically so precise that one recognizes at first of which type the tune
is, and gets inspired, even despite yourself, by the urge to dance.] (Muffat,
1695). J. S. Bach, for example, wrote a large amount of music of which not only
the title but also the musical traits imply a connection to French court dancing
(Hsu, 2012; Little & Jenne, 2001; Qureshi & Schnoebelen, 1994). Some of these
dances were also actively performed to accompany social dances at the court,
but other popular dances in instrumental music (e.g., the allemande) were not
performed as choreographies anymore in the 18th century. So, one could ask
if composers and musicians still bore the original dance traits in mind when
composing and playing this kind of dancemusic (Meredith & Cusick, 2014).
This mutual interplay between dance and music opens a lot of questions
concerning interpretation, both for dancers and musicians interested in histor-
ical performance practice. What is the appropriate phrasing, articulation or
bow technique for each dance? How is the character of each dance expressed
in the music? Though the interpretation of dance and music involves many
dimensions, one of the main problems when dealing with the interpretation of
Baroque dance music seems to be the choice of the tempo. In the next section,
the role of tempo in dance and music performance will be explored by means
of historical sources and contemporary research, to provide a framework in
which we designed the two studies presented in this paper.
1In French sources from the Baroque period, the expression air de mouvement is often
used to indicate not only the tempo but also the character of a musical piece. This is a clear
example of how (dance) movement was closely related with music performance during this
period.
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6.3 Tempo and its relationship to choreography
Tempo-indications in Baroque music are mostly expressed verbally and, by
consequence, they are open to interpretation. They can refer to the character,
movement, or expression in which the music should be played or performed,
for example vivement or gay, andante, or allegro (Cyr & Pauly, 1998). Apart
from verbal indications, the time signature or meter of a music piece bears
a connotation of tempo too. In general, the speed of the counting unit (the
denominator of the fraction) slows down when the unit gets smaller. A bar in
3
2 is then supposed to be played slower than a bar in
3
4 . This way, tempo and
meter are closely related to each other. Second, a pitfall when reading tempo-
indications is the metrical level the indication is pointing to. A dance could
be interpreted as ‘slow’at the level of the half note, but as ‘lively’on the level
of the quarter note. Also, composers and music theorists did not always take
the notated rhythm into account when writing down the musical meter. In
his Nouvelles Suites de Pie`ces de Clavecin (1727), Rameau notates a courante
with the metric indication 3, using three half notes per bar, while the next
dance is a sarabande, again in 3, but with three quarter notes per bar. This
ambiguous relationship between tempo, meter, and rhythm does not facilitate
the interpretation of Baroque dance music. But, by exploring metrical and
rhythmical structures, it is possible to find some indications for the tempo
and character of the music (Little & Jenne, 2001). In any case, playing music
in the appropriate tempo was considered essential to good musical taste, as
E´tienne Loulie´ points out in his E´le´ments (1696): “Mais je me flatte que ceux
qui ont le goust fin et qui ont e´prouve´ combien un Air perd de sa beaute´
lorsqu’il est execute´ trop viste ou trop lentement, me sc¸auront bon gre´ de
leur donner un moyen ... pour en connoˆıtre le veritable mouvement ... ”[I
appreciate that those who have good taste and have experienced how much an
Air loses its beauty when it is performed too fast or too slow, will be willing
for me to give them a means ... to know its actual character and tempo ... ]
In dance music, the correct tempo is essential for the character of the dance,
the corresponding choreography, and the distinction of different dance genres
(Donington, 1989). French music theorists were aware of this problemat that
time, and developed an instrument to define tempo-indications more exactly,
relying on the movement of a pendulum (de La Chapelle, 1737; L’Affilard,
1705; Loulie´, 1696; Meyerho¨fer, 1996; Pajot, 1735). Pendulum data were pre-
served for a small selection of dances, but they are not as unequivocal as our
present metronome numbers. The numbers could refer either to the length of
the pendulum or the duration of a beat, the metrical level they refer to is not
always clear, and moreover, it is not clarified if they refer to a complete (back
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and forth) or half a swing of the pendulum. This can have major implications
for the interpretation of the tempo of the music and hence, the correct in-
terpretation of these pendulum data is still under discussion (Harris-Warrick,
1993; Heijdemann, 1984; Hilton, 1981; Jerold, 2010; Kroemer, 2001; Schwandt,
2013; Van Biezen, 1984). This is where actual dance practice can give insight
into the difficult question of how to deal with tempo in Baroque dance.
First, the tempo of the music should be appropriate for the execution of
dance steps, especially the leaps. These can be performed slow or fast, but it
is physically impossible to remain suspended in the air infinitely. Also, one
measure of music may contain many steps, which would take a dancer more
time and thus a slower tempo. In general, Baroque court dance should be
performed with an air of effortlessness and elegance, and all dance steps and
movements should be fluently merged into each other. A skilled dancer will be
able to perform the dance steps more quickly without getting untidy and will
not lose the smoothness in performing steps very slowly (Little, 1975b). Also
the character of the dance is important for the tempo: choreographies con-
taining sliding steps and few hops bear a more dignified, serious character and
therefore will be performed more slowly than choreographies containing many
leaps and jumps. The way a specific step is executed or articulated, for exam-
ple, a deep and slow plie´ (bending of the knees) as opposed to a fast and crispy
one, tells a lot about the character of the dance and depends largely on the
tempo of the music (Little, 1975a). In research on Baroque dance music, some
scholars already took the notated choreography into consideration (Cobau,
1984; Harris-Warrick, 1993; Hilton, 1977; Little, 1975a; Little & Jenne, 2001;
Qureshi & Schnoebelen, 1994), but up to now, systematic research on actual
dance practice is lacking. In this paper, two studies are presented which ex-
plore the relationship between tempo, music practice, and dance performance
in a historical context.
The first study is a case study that looks at the performance of one specific
piece, comparing the rhythmic aspects of a purely musical performance and
performances with the actual dance. Here, we want to examine the actual
(historical) dancers‘ influence on the timing of the music performance. In the
second study, we choose two popular historical dances that are often found in
music compositions: the courante and the sarabande. We focused on the cradle
of Baroque dancing, France, working only with French music and French style
choreographies. In a dance experiment, specialized Baroque dancers performed
a typical choreography of both dances in a wide range of tempi. They gave
feedback on each performance, and afterwards, aspects of their performance
were examined through video analysis. This approach gives us a good view on
the relation between dance and musical tempo. The results of this study are
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then compared to tempi found in commercially available music performances
of the same dance types, which allows us to compare common performances
with the preferences of the dancers.
6.4 Experiment 1: The Influence of Dance on
Music Performance
For this case study, a piece with a number of different dance characters in
different tempi was required. In collaboration with the dancers, “The Sub-
mission”was selected, a ballroom dance created in 1717 by the English danc-
ing master Kellom Tomlinson (c.1690-1753) to music by Jean-Baptiste (John)
Loeillet (1680-1730) (the first page of the original edition is shown in Figure
8.1). Tomlinson was an English dancing master who was educated in French
style dancing and published The Art of Dancing, the English translation of
Feuillet’s Chore´graphy. His choreographies survive in Feuillet-Beauchamp no-
tation and hence, “The Submission”is a choreography in French style, though
composed in England (Thorp, 2012). It consists of three musical parts, each
with its own character, on which one choreography is danced. A slow move-
ment in 34 is followed by a lively menuet, also in
3
4 , while the last movement is
a fast rigaudon in 44 . The two dancers that performed the choreography were
experienced specialists in historical dance and “The Submission”was part of
their repertoire, as they had performed it repeatedly in public performances.
They were coupled with a music ensemble consisting of a violin, a viola, a
viol and a harpsichord. The leading violinist had recorded the piece on CD
(Loeillet, 2012), the other musicians performed the music for the first time,
but had the opportunity to practice in advance.
6.4.1 Method
Procedure
Initially, dancers and musicians rehearsed separately. As such, they fixed their
own ideas to the interpretation of the dance suite. At the end of the rehearsal,
the music performance was recorded twice, the musicians still being unaware
of the choreography. Subsequently, the dancers joined the ensemble. First,
musicians and dancers performed the dance together, without any prior com-
munication. After this first joint performance, the dancers provided feedback
and worked together with the musicians to come to a performance in which
everybody agreed on the interpretation, which took two more run-throughs.
6.4. THE INFLUENCE OF DANCE ON MUSIC PERFORMANCE 125
Figure 6.1: First page of the choreography “The Submission”in Feuillet nota-
tion (K. Tomlinson) with the music tune (J. Loeillet) at the top of the page.
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Individual recordings of the musicians were made using contact microphones.
In addition, the complete ensemble-sound was recorded and a video recording
was made for control purposes.
Analysis
The five recorded versions of the piece were analyzed: two instrumental ver-
sions without dance and three versions with dance (one without and two with
feedback). In order to provide an optimal view of the timing and tempo of
the whole, we based our analysis on the viola da gamba part (bass). The
bass part articulates every strong beat and, in contrast to the harpsichordist
and the violinist, the gamba player does not add ornaments, so the basic time
structure is found most clearly in this part. To determine the length of each
event, a manual onset detection system using the program praat (Boersma &
Weeninck, 2015) was used. Praat analyzes pitch and intensity automatically
and provides a spectrogram notation visualization, with parallel audio feed-
back. The use of this program makes it relatively easy to locate the onsets
with a precision of a few milliseconds when using recordings made with contact
microphones. In order to obtain a constant view on the timing, the data from
the individual time intervals were transformed to a series of ‘unit times’by di-
viding their total duration by their notated note length. As such, the duration
for each eighth note is obtained, corresponding to the lowest level in the met-
ric grid. From these values we can easily compute durations at other metric
levels. The series of unit times gives us information on the timing at the level
of the individual event (Figure 6.2). Next to this, the tempo at the notated
beat level was computed, based on the duration of the individual events, and
transformed to a ‘beats per minute’(BPM) scale. The results of the timing
analysis are summarized in Figure 6.3.
6.4.2 Results and Discussion
A first analysis showed that the difference between the two recorded instru-
mental parts without dance was very small and never significant. Therefore,
only the second, final version will be used in the following analysis (labeled ‘no
dance’). Using the unit times for each event in the viola da gamba part (exclud-
ing the final events of the first two parts, as they contain relatively long breaks
in some of the versions, cf. infra), we found a significant difference between the
four recorded versions in each of the three movements. For the slow movement,
F(3, 368) = 96.86, p < .001, and the menuet, F(3, 377) = 121.71, p < .001, post
hoc Scheffe´ tests showed that all differences between versions were significant
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Figure 6.2: Illustration of the method of analysis. On top the score of the first
four measures of “The Submission”followed by the analysis in praat (sound-
wave, spectrogram with indication of the amplitude and annotated onsets with
interonset intervals), and the unit times and beat times calculated from these
ioi’s (all in ms). All numbers are rounded to the nearest millisecond.
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at a p < .001 level, except the difference between the last two versions, which
is nonsignificant. For the rigaudon, F(3, 552) = 18.82, p < .001, the image is
totally different, as it is the very last version which is significantly different
(p < .001) from the other versions, while none of the other three versions differ
significantly from each other.
Both graphs in figure 6.3 clearly show the succession of the three parts as
well as the differences between the four versions. In the first two movements the
musicians immediately played faster when the dance was added as compared
to the version without dance. Even without oral communication (dance1),
musicians felt that the dance demands a particular tempo and they adapted
their playing. After communicating with the dancers, the tempo was adjusted
even more and performed even faster (dance2). After this session, the dancers
were happy with the tempo for the first two parts, so the musicians kept the
tempo equal (dance3). However, they thought the final part was performed too
fast now and therefore, the third part was played consistently slower in the last
version. This shows that the adaptation to the dance is not merely a question
of speeding up. Rather, it is related to the specific temporal character of the
dance, which requires a precise match with the tempo of the music, regardless
of the direction of the change.
Two other changes could be observed. First, a change in the transitions
between the parts was noticeable. When recording the music without dance,
the musicians tended to take a break between the parts. In the first version
including dance, this effect largely remained, as the musicians stopped and
waited for the dancers to signal the new start. However, the dancers perceived
the choreography as a whole and needed fluent transitions between the different
parts, as the dance movement continued. The plie´ (bending of the knees), for
example, notated as the first movement in the choreography of the menuet,
should be performed at the end of the last bar of the slow movement, so
the e´leve´ (rising movement) that follows the plie´ can be performed on the
accentuated first beat of the menuet. A similar thing happens at the beginning
of the rigaudon, where the landing after a leap marks the first beat. As
such, following the feedback by the dancers, the three dances are concatenated
without a break and smoothly merged into one performed choreography.
A final effect concerned the lowering of the variance in the versions with
dance, notably in the first two parts. Figure 6.4 shows the standard deviation
of the tempo in the three different parts for the four versions, expressed as the
percentage of the mean tempo. Clearly the variability decreased in the versions
with dance. Also, in this case a different attitude between dancers and musi-
cians could be perceived. Whereas musicians tended to exaggerate phrasing
and rhythmic contrast, dancers actually preferred a more stable performance
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Figure 6.3: Comparison of the tempi used in the four versions of “The Submis-
sion.”On the top (a) error bars show mean and 95% confidence interval of the
mean, based on the unit length of every event. The line chart on the bottom
(b) shows the linear evolution at the beat level.
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Figure 6.4: The evolution of the variance over the four performances in the
three parts of “The Submission.”The markers represent the standard deviation
of the tempo of all beats, expressed as a percentage of the global tempo of each
performance.
in which they could maintain the cadence of their movement.
Three takes were necessary to come to a music performance that was suit-
able for the choreography. This illustrated the critical relation between mu-
sic and dance. Three issues were identified: the main tempo, the transition
between different parts, and the variability of the tempo. This shows that
musicians and dancers have different views on the music and illustrates the
importance of knowledge about dance practice for musicians concerned with
“historically informed”performance.
On the other hand, we saw that musicians were able to adapt their timing
and keep the same tempo and timing in successive performances of the same
piece. In the next section, we will focus on the first of the issues mentioned:
the main tempo, which is closely connected to the character of the dance and
the feasibility of the choreography.
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6.5 Experiment 2: Courante and Sarabande in
Music and Dance
The second experiment focuses on the courante and the sarabande, two popu-
lar dance types that were regularly used in the typical dance suites from the
Baroque (Fuller, 2012). The courante typically found in the French Baroque
suite is a very noble, serious dance. The emphasis is on the metrical ambigui-
ties and the contrapuntal structure, which makes the courante a sophisticated,
stylized dance (Little & Cusick, Suzanne, 2014; Veilhan, 1979). Being Louis
XIV’s favorite court dance, it was named “the king’s dance”and it was said to
be the most “noble”dance of all. Its dance vocabulary is sober but rhythmi-
cally intricate, and leaps and jumps are absent (Lancelot, 1995).
Like the courante, the sarabande is a serious, noble dance. The most
typical characteristic trait is a dotted pattern, which provides the sarabande
its gracious character. This dance is surrounded by a melancholic atmosphere
but is rhythmically less ambiguous than the courante (Hudson & Little, 2014).
The dance steps used in the sarabande are usually more complicated, and in
the surviving choreographies, leaps and pirouettes can be found. Though the
character of the sarabande is mostly described as dignified and serious, more
frivolous sarabandes exist that mostly refer to the initial Spanish character
of the dance (Lancelot, 1995). The following study consists of two parts:
first, the tempo of recorded sarabandes and courantes by French composers,
roughly covering the period 1650-1750, was analyzed. In the second part,
we looked at choreographic performances to explore how dance movement is
influenced by tempo. Dancers were asked to perform the same courante and
sarabande repeatedly, in a wide range of tempi. Questionnaires and video
analysis were used to determine the ‘optimal’tempo. Finally the results of the
dance experiment were compared with the tempi found in the music recordings.
6.5.1 Analysis of Music Recording
Method
Material Five hundred and seven sarabandes and 437 courantes composed
by Jacques Champion de Chambonnie`res (c.1601-1672), Louis Couperin (c.1626-
1661), Jean-Henri d’Anglebert (1629-1691), Jean-Baptiste Lully (1632-1687),
Marin Marais (1656-1728), Elisabeth Jacquet de la Guerre (1665-1729), Franc¸ois
Couperin (1668-1733), Jacques-Martin Hotteterre (1674-1763), and Jean-Philippe
Rameau (1683-1764) were collected using Spotify.
In many cases, the selection contained different recordings of a piece, played
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by different performers, but only recordings on period instruments were re-
tained. Using commercially available recordings without focusing on particu-
lar performers and avoiding adaptations for modern instruments (e.g., piano
or modern guitar) assures that the collection gives a representative view on
tempi used in historically informed performances of French Baroque music. It
is important to note that musicians following the ideas of historically informed
performance practice do want to recreate the music as it sounded at the time
it was written, contrary to a so-called “romantic”performance style in which
the music is a starting point for a personal interpretation of the musician. In
this context, finding the tempo that matches the original dance movement is
highly relevant and we can assume that the musicians want to match their
performance with the dance is original character.
An analysis of the scores shows that the sarabandes mostly (97.4%) have
“3”as metric indication, which roughly corresponds with the modern 34 -meter
(Corrette, 1738; de Brossard, 1703; Houle, 1987). A few examples were found
written in 32 , (N = 8; 1.58%) or
6
4 (N = 5; 0.99%). The courantes are mostly
(94.1%) notated in 32 , with some (N = 26; 5.9%) notated in
3
4 . Whereas the
tempi of the sarabandes were very similar despite the metrical difference, the
group of courantes in 34 was clearly performed faster, with an average of 144.5
BPM against 68.9 BPM for the 32 group. As this
3
4 -meter does not correspond
to the meter used in the dance study, these 26 courantes were excluded from
further analysis.
Procedure Each piece was played back using Spotify with the score at hand.
The tempo was determined by music experts who tapped along with the
recording following the notated meter from the score. Having the score at
hand guarantees that the notated beat level is annotated rather than the per-
ceived tempo, which could be at an other metric level. The average tempo for
each piece was notated along with the details of the piece and the performers.
Results
The tempo distributions for both dances are very similar (see Figure 6.5), with
means of 68.86 and 68.47 BPM for the courante and sarabande, respectively.
The range of tempi is larger for the sarabande, which is reflected by a higher
standard deviation (18.7 for the sarabande and 10.2 for the courante). The
distribution is also more skewed (0.64 for the courante, 1.75 for the sarabande),
indicating that there is quite a large group of slower sarabandes, which is
counterbalanced by a small group of fast pieces.
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Figure 6.5: Histograms showing the distributions of tempi measured in record-
ings of French Baroque sarabandes and courantes.
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6.5.2 Analysis of Dance Performance
Method
Material To ensure that all dancers started without prior knowledge of the
choreography, the choreographies for both dances were newly composed for this
study. Based on surviving choreographies and with advice from four dance
masters, basic choreographies for a courante (Figure 6.6a) and a sarabande
(Figure 6.6b) were designed in Feuillet notation, containing the characteristic
steps of these dances. The dance path (trajectory the dancers follow on the
dance floor) for both dances was quadratic, bringing the dancers back to their
starting point (at the bottom left) at the end of the choreography. At the
corners of the dance path, a tournement (turn - indicated by a little hook) was
added to the dance steps, to indicate on which feet the dancer should turn.
The courante consists of two phrases, each of them six bars long (bars are
indicated with perpendicular lines on the dance path) containing the following
dance steps (units of movements that go together): Pas court / Pas long /
Pas long / Pas long avec ouverture de jambe / Pas long / Coupe´ - Coupee´ //
Pas court / Pas long / Pas long / Pas long avec ouverture de Jambe / Pas
long / Tems de courante.
The two dance phrases are almost equal, except for the last bar. The
first step of the choreography is a pas court (first bar - full rectangle), which
consists of two step-units: (1) a tems de courante (at the right side of the
dance path) and (2) a demi-jete´ (left side of the dance path). The tems de
courante comprises a plie´ (bending of the knees - inclined line in the circle at
the bottom), an e´leve´ (upwards movement after the plie´ - horizontal line in
the circle at the bottom), a glisse´ (sliding of the feet on the ground - circle in
the middle), and the displacement of weight to the other feet. The demi-jete´
consists of a plie´, e´leve´, and the displacement of weight. The second step in
the choreography is the Pas long (second bar, dashed rectangle). This step is
similar to the pas court, but the tems de courante is replaced by a pas coupe´
(3) (first unit in the pas long). The pas coupe´ consists of the same movements
as the tems de courante, but here, there is already a displacement of weight in
the beginning, during the e´leve´. Hence, in the pas coupe´, there is two times a
displacement of weight, while in the tems de courante, this occurs only once.
The pas long avec ouverture de jambe (fourth bar) is basically a normal pas
long, courante, this occurs only once. The pas long avec ouverture de jambe
(fourth bar) is basically a normal pas long, but this step is embellished with the
outwards opening of the leg. In short, a bar in the courante always comprises
two step-units, either (1) & (2), (3) & (2) or (2) & (2). Only the last bar
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Figure 6.6: Newly composed choreographies of the courante (a) and sarabande
(b) in Feuillet notation.
is an exception, as it consists of only one step-unit, the tems de courante,
which is the usual way to end a courante. The dance steps in the courante
are rather straightforward, but the complexity is in the rhythmic structure, as
two step-units are to be danced in one bar of ternary meter ( 32 ).
The choreography of the sarabande also contains two identical phrases, but
here, each bar contains only one step-unit. Thus, two phrases of 8 bars in the
sarabande have a similar length as two phrases of 6 bars in the courante. The
following steps were used in the sarabande: Tems de Courante / Pas coupe´ /
Pas coupe´ en deux mouvements / Pas de bourre´e emboˆıte´ / Tems de courante
/ Contretemps en avant / Pas de bourree´ / Pas coupe´ // Tems de Courante /
Pas coupe´ / Pas coupe´ en deux mouvements / Pas de bourre´e emboˆıte´ / Tems
de courante / Contretemps en avant / Pas de bourre´e / Pas coupe´.
A new dance step that was not used in the courante is the pas de bourre´e
(7th bar - rectangle). It contains three steps (three times displacement of
weight), of which the first one contains a plie´ and e´eve´. Another new step is
the contretemps en avant (6th bar - dashed rectangle). It also starts with a
plie´, but now the e´leve´ is extended with a leap (two lines in the circle), after
which the dancer lands on the same foot that already carried the weight. The
contretemps en avant is closed with a normal step. The dance steps used in the
sarabande are generally more embellished and varied than the ones we find in
the courante (Lancelot, 1995). An example of such an embellishment is given
with the pas coupe´ en deux mouvements (3rd bar - dashed rectangle). This
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is a normal pas coupe´, but the second displacement of weight is embellished
with an extra plie´ and e´leve´ (dashed circle). Another embellished step is the
pas de bourre´e emboˆıte´ (rectangle at the right bottom). Again, this is a pas de
bourre´e, but instead of stepping three times forward, only the last step goes
in a forward direction.
The music used for these choreographies was based on existing melodies
as found in surviving dance manuals. This was done to ensure that the music
was suited for real dance performance. The melody of the dance suite “La
Duchesse”(1701) was adopted for the courante, and in the sarabande the music
of “La Royalle”(Pe´cour, 1712) was used. For both pieces, an orchestration was
composed based on historical performance practice: a bass line with a typical
basso continuo accompaniment was added (see Figure 6.7) and the pieces were
orchestrated for transverse flute and violin (topline), harpsichord, and viola
da gamba. In the final version, some “notes ine´gales”(lengthening the first
note of a pair of eighth notes relative to the second, similarly to swing in
jazz performance; cf. Moelants, 2011) were added as well, in compliance with
the historical performance practice of French Baroque music. These versions
were transformed into MIDI files using Sibelius 5 and rendered in a variety of
tempi. Starting from 80 BPM, we moved two “tempo-octaves”up and down
based on a division of the tempo-octave in six equal steps, following a log-2
scale, but rounded to the nearest whole number. Eighty BPM was chosen as a
proper starting tempo for both dances, supported by literature on performance
practice of both dance and music (Bayle, 1992; Donington, 1989; Hilton, 1981;
Quantz, 1752; Veilhan, 1979). This resulted in 25 tempo conditions (20 - 22 -
25 - 28 - 32 -36 - 40 - 45 - 50 - 56 - 63 - 71 - 80 - 90 - 101 - 113 - 127 -143 -
160 - 180 - 202 -226 - 254 - 285 - 320 BPM) that were applied to the quarter
note of the melody of the sarabande, and the half note of the courante. At the
start of each version, three beats were given to allow the dancers to prepare
themselves.
Procedure Sixteen dancers (3 males and 13 females) participated in the
experiment. Their experience in Baroque dance ranged from 1-3 years (N = 6),
3-6 years (N = 3), to more than 6 years (N = 7). Only three of them were not
able to read Feuillet notation. The experiment took place in different dance
schools in Ghent (B), Sint-Niklaas (B), Utrecht (NL), and Paris (F), in ballet
rooms with an appropriate surface and size.
The dancers received the choreographies in advance and got the opportu-
nity to rehearse them first with their dance master. Then, they were asked to
perform the sarabande and courante on the music presented to them. In each
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Figure 6.7: Basic scores of the courante “La Duchesse”(a) and the sarabande
“La Royalle”(b). In the versions used in the experiment some additional per-
formance elements were added, such as an extra bass instrument, some rhyth-
mic articulation and a few ornaments, mimicking the performance style of
specialized musicians.
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tempo condition, they performed the choreography twice with a short pause in
between. After the two performances, they were asked to evaluate the tempo
of the music on the basis of 1) how well the tempo expressed the character of
the dance, 2) the fluency or smoothness of their dance movements, 3) if it was
easy to synchronize, 4) if they could perform the choreography correct and pre-
cise, and 5) how comfortable they thought the tempo was, all on a scale of 0 to
3. Alternately, a faster and a slower tempo were played until the dancers indi-
cated that it was impossible to perform the choreography in the given tempo.
The tempi were not randomized, because it was not known beforehand how
fast or slow the dancers would be able to perform both choreographies. The
choreography was a solo dance, hence the participants performed the dance
alone and the evaluation of the performance was done individually to access
the personal experience of each individual. The whole procedure was recorded
on video.
Analysis Two researchers that were familiar with Baroque dance indepen-
dently did the analysis of the video recordings of the dance performances. The
evaluation was done manually and comprised three criteria: the synchroniza-
tion of the dancers to the music, the rhythmic timing or rhythmical cadence,
and the precision and smoothness. For the sarabande, every performance got
a score on 16, while the courante was assigned a score of 12, in accordance
with the number of bars in the dance. Each dancer was rated individually for
all the performed tempi in both dances. The methodology for the evaluation
was objectified as much as possible by clearly delineating the criteria for the
analysis.
Within each bar of music, the synchronization of the dancer to the music
was evaluated for each beat. For the sarabande, the quarter note was assumed
as the beat level, for the courante the main beat was counted on the level
of the half note. As such, both dances had 3 beats per bar. If the dancer
was clearly visible out of sync for one of the three beats, the whole bar was
evaluated as unsynchronized. In case of doubt, synchronization for the whole
bar was assumed.
To judge synchronization in Baroque dance performance, some basic knowl-
edge on dance notation has to be applied. Particular movements in a dance
step have to be performed on an exact moment in the musical bar, as other
movements can be performed in different rhythmical ways (Feuillet, 1700;
Hilton, 1977, 1997; Hsu, 2012). To clarify this, a typical dance step from
the courante (know as the pas de courante) is analyzed here as an example.
Figure 6.8 shows this dance step as it was used in the choreography of the
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courante. The duration of the step comprises one bar of music (indicated
by the horizontal lines on the bottom and the top of the figure) or, three
half notes. It is composed of different movements, indicated by the different
symbols along the dance path.
The first symbol starting from the bottom indicates a plie´ or bending of the
knees (Figure 6.8a). This bending should be performed before the first musical
beat of the bar, though the placement of the symbol suggests otherwise (Hilton,
1981; Pierce, 1998).2 It is the end of the e´leve´ or rise after the bending of the
knees and the displacement of the weight of the dancer to the other feet that
should coincide with the first beat of the bar (Figure 6.8b). This is a first
reference point for synchronization.
Then, the pas de courante can proceed in two ways. From the dance nota-
tion, it is clear that this dance step consists of two main parts (Figure 6.8c).
The first unit, also known as pas coupe´, comprises two times the displacement
of weight and is connected with a curved line in the middle. The second unit
only consists of one displacement of weight, accompanied with an e´leve´, and
is called the demi-jete´ (blue rectangle in Figure 6.8c). It is the timing of the
second displacement of the pas coupe´ and the displacement in the demi-jete´
that can vary, according to the interpretation of the dancer (Feuillet & Pe´cour,
1704).3 The latter can occur on the third beat or third half note within the
bar, or on the fourth quarter note of the bar, which divides the bar into two
equal parts on the level of the quarter note, syncopating the three-beat mea-
sure. The second displacement in the pas coupe´ can also vary in timing. On
the one hand, it can be executed on the second half note or second beat, on
the other hand, it can be performed on the fourth quarter note, again causing
syncopation or a subdivision of the bar into quarter notes. A more detailed
explanation on this matter can be found in (Feuillet, 1700) and (Hilton, 1977,
1997) but is beyond the scope of this paper. What is discussed in this example
of the pas de courante can be applied to the other dance steps present in the
courante and sarabande. It illustrates that synchronization in Baroque dance
performance is rather complex, as it deals with differences in interpretation
of the choreography by the dancer. They can vary the steps they perform
within the choreography, and as such, each performance is different. For each
dance step in both choreographies, the reference points for synchronization
2This was a convention established in the 17th century, when the Beauchamp-Feuillet
system for notating dance was developed. Dancers always “anticipate”the musical bar with
a plie´ (bending of the knees), but in order to keep the notation on paper clear and readable,
they chose to write the plie´ at the beginning of the bar instead of before.
3This was discussed also the 7th Summer School on Baroque (July 1- 6, 2013) - Paris,
with the dance master Be´atrice Massin.
140 CHAPTER 6. TEMPO IN BAROQUE MUSIC AND DANCE
Figure 6.8: Pas de courante in Feuillet notation. On the left (a), the symbol
indicating plie´ is marked, in the middle (b), the symbol for the e´leve´ is indi-
cated. The pas coupe´ is indicated in the black rectangle on the right (c), the
demi-jette´ is indicated with a blue rectangle.
(especially e´leve´s and displacements of weight that should occur on the beat)
were determined to use them in the video analysis.
Next to synchronization, the technical quality of the dance performance in
terms of precision and smoothness was evaluated for each tempo. Precision
expresses whether the dancers made a clear distinction between the different
dance steps and movements within the choreography or not. There should be
a clear difference, for example, between gliding and normal steps. If all the
different parts of the movements in a bar were perceivable in the performance,
the bar was counted as precise. Smoothness expresses if the dancers perform
without interruptions or hesitations in their movements. When no such event
was clearly perceivable in the execution of the dance steps within a bar, the
bar got a positive score for smoothness. When the scores of the two researchers
differed, they discussed the results in order to come to an agreement on the bars
that got a different score. Summing the scores for all bars gave a total score
for precision and smoothness for each tempo condition. Together, these two
parameters resulted in a rating for the technical quality of the performance.
Apart from the video analysis, the evaluation of the dancers was taken
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into account. These ratings on a 4-point scale (0-3) gave an overview of how
the dancers themselves experienced the choreography in a given tempo. This
subjective experience could then be compared with how an external observer
perceived the performance in the video analysis. Especially their ratings of
synchronization, smoothness, and precision could be compared with the results
of synchronization and technical quality in the video analysis. For this purpose,
the scores for smoothness and precision were considered together, similar to
the video analysis. This two-fold evaluation of the dance performance resulted
in an overview of how tempo influences the dance performance of the courante
and the sarabande.
Results To test whether the results could be generalized independent from
the dancer’s artistic background, a Wilcoxon rank-sum test with pairwise com-
parison (95% CI) was performed, comparing the results from the different
groups of dancers. None of the results showed a significant interaction be-
tween groups with a different training (according to the dance master) or level
of experience (beginner, 0-3; intermediate, 3-6; advanced, > 6 years of experi-
ence), so the results for all participants are presented together.
The results of the video analysis show that the dancers achieved the highest
quality at 80 BPM in the performance of the courante (M = 88.9%), and at
113 BPM in the performance of the sarabande (M = 80.8%) (Figure 6.9). The
sarabande got relatively high quality scores for all the tempi between 80 and
127 BPM, in contrast with the courante where the peak is much sharper. Also,
it can be seen from Figure 6.9 that the dancers synchronized best at 90 BPM
in the courante (M = 88.9%) and at 101 BPM in the sarabande (M = 82.9%).
Between 56 BPM and 143 BPM, all dancers were able to perform the sarabande
and nobody was able to perform it slower than 40 BPM and faster than 226
BPM. For the courante, all dancers performed the choreography between 56
and 127 BPM and limits were found at 36 BPM and a 180 BPM. When
interpreting the results, beware that in the extreme tempi, not all 16 dancers
managed to perform the choreography.
The results of the evaluation by the dancers seem to support the findings
from the video analysis, though there are small differences. The average score
for all the criteria was the highest at 80 BPM for the courante ( 2.883 or95.8%)
and at 90 BPM for the sarabande (2.733 or91.1%) as can be seen in Figure 6.10.
Though the answers on the different questions that were evaluated after each
tempo were highly correlated (Spearman’s Rank-correlation test, p < .05 for
all five questions), the separate questions are taken into consideration in order
to compare the results with the video analysis. The peak for experienced
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Figure 6.9: Scores for synchronization and technical quality as found in the
video analysis of the courante (a) and sarabande (b).
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Figure 6.10: Mean score for all criteria evaluated by the dancers in the courante
and sarabande.
technical quality in the courante is reached at 80 BPM, which is also the
tempo at which the dancers experienced optimal synchronization. At this
tempo, the perceived technical quality seems to be the highest as well, as was
found in the video analysis, while perceived synchronization got the highest
scores at 90 BPM (Figure 6.11a). Figure 6.11b shows that the experienced
technical quality and synchronization by the dancers peaked at 90 BPM in the
sarabande, while in the video analysis, the quality of performance scored best
at a 113 and synchronization at 101 BPM. Thus, experienced and perceived
technical quality and synchronization seem to lay close to each other, though
there can occur a difference of one or two tempo levels. The most striking
difference between the evaluations by the dancers and the video-analysis are
the much steeper slopes in the first one. Clearly, the subjective experience
of synchronization and quality during the performance is much more affected
by the negative perception of the dancers than is shown by a more objective
analysis of the recordings.
Character and comfort, the two criteria that were only assessed by means
of evaluation by the dancers, are displayed in Figure 6.12. These highlight
other, more subjective aspects of quality, as opposed to the pure technical
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Figure 6.11: Synchronization and quality of performance as experienced by
the dancers and perceived from the video analysis in the courante (a) and
sarabande (b).
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aspects of performance. Again, in the courante, the peak for character and
comfort lies at 80 BPM and for the sarabande at 90 BPM. However, when
the tempo of the music moves more towards the extremes, the curve for both
criteria is steeper as compared to the mean scores for all the criteria. In the
courante, this is the case for how comfortable they thought the tempo was,
both in the faster and slower tempi. In the sarabande, the ratings for comfort
also lower in the slow tempi, but in the fast tempi, it is the character of the
dance that is lost first. This was validated with a Wilcoxon signed rank test,
where the ratings for character and comfort are significantly different from the
median score in slow tempo (< 63 BPM) for both the courante (p < .05) and
the sarabande (p < .001). In fast tempi (> 127 BPM), the WRT gave similar
results (p < .001 for both variables in both courante and sarabande). Hence,
the subjective experience of the dancers seems to be more sensitive to tempo
changes than the pure technical aspects of the dance performance.
When comparing these different aspects, the optimal tempo zone regarding
dance performance for the courante seems to lay around 80-90 BPM; for the
sarabande it is found around 90-101 BPM. The courante is a rhythmically
more complex dance, but the dance vocabulary used in the sarabande differs
from the more sober courante in that it contains leaps and more lively steps
(like the pas de bourre´e). This could suggest that a slightly faster tempo is
more appropriate for the sarabande, a finding that seems to be consistent with
the description of these two dances in historical sources (D’Alembert, 1752; de
La Chapelle, 1737; de Brossard, 1703; Freillon-Poncein, 1700; L’Affilard, 1702;
Loulie´, 1696; Masson, 1705; Monte´clair, 1736; Pajot, 1735), where the courante
is generally characterized as a somewhat slower dance than the sarabande.
These findings can now be compared with the resulting tempi from the analysis
of the music recordings.
The general results from the music recordings and dance performances
are summarized in Figure 6.13, where we see the distribution of tempi found
in the music recordings (grey bars, with the columns centered around the
tempi used in the dance experiment), the average score of the evaluations by
the dancers (experience, black line), and the average score of the technical
quality (smoothness and precision) and synchronization parameters from the
video analysis (perception, grey line). Although there is a certain overlap, we
see a clear discrepancy between the peaks of the tempo distributions of the
recorded music and the data from the dance performances. Especially for the
sarabande, a large part of the recordings are performed at a tempo that is not
really comfortable for the dancers. Although many of the recorded pieces are
not actually written to accompany actual dance performances, we can assume
that the character of the original dances was preserved in the music (Little
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Figure 6.12: Evaluation by the dancers of the criteria ‘character’and ‘com-
fort’compared to the mean score for all criteria in the courante (a) and sara-
bande (b).
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& Jenne, 2001; Wetzer, 1988). As the character is largely influenced by the
tempo, musicians who want to perform the music as closely as possible to the
original intentions of the composer (as in historically informed performance
practice), should bear this in mind. In this case, this could convince the
performers to play courantes and especially sarabandes at a faster tempo than
they are generally used to.
6.6 Conclusion
The results of the first experiment confirm that dance movement can influ-
ence the interpretation of dance music by musicians substantially. Verbal
communication between dancers and musicians can help to generate a music
performance that fits the choreography best. Even when bodily communica-
tion alone is used during performance, musicians experience an influence of
the dance movement on their interpretation, which mainly affects their tempo
and timing. This is of course closely related with a sense of cross-modal un-
derstanding of musical expression. Musicians communicate musical expression
partly through bodily movements, and likewise, their expression can be influ-
enced by other musicians’ or dancers’ body movements that bare a particular
expression (Leman, 2008). In this light, it is also striking that the musicians
manage to keep a tempo precisely once their performance fits the movement
of the dancers.
However, (Baroque) dance is not part of the regular curriculum in music
education, and musicians are often not aware of the corporeal aspects of dance
music. Hence, an essential part of this music is lost. The results of the second
experiment show that the interpretation of the sarabande by musicians is in
general slower than the tempo dancers prefer. A similar but less pronounced
trend is observed for the interpretation of the courante. Moreover, the rela-
tionship of tempo between courante and sarabande as defined by the dance
experiment is in accordance with the proportions of the time signatures 3/4
en 3/2 and the characteristics of these two dance types as described in histor-
ical sources of the Baroque period (D’Alembert, 1752; de Brossard, 1703; de
Saint-Lambert, 1702; Freillon-Poncein, 1700; Masson, 1705; Monte´clair, 1736;
Muffat, 1698; Rameau, 1725; Rousseau, 1768). In the research field of histori-
cal music performance, the information gathered from dance and choreography
could be of great importance for the realization of a historically correct inter-
pretation. This idea is supported by musicians who did make the effort to
approach Baroque music from the point of view of choreography (Hsu, 2012;
Qureshi & Schnoebelen, 1994), but also by musicians that play Baroque music
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Figure 6.13: Comparison of the experience and perception of the dance quality
and the tempi found in the performances of French courantes (a) and saraban-
des (b) from the Baroque period. Lines show the normalized average ratings
of the dancers (‘experience’) and the video analysis (‘perception’), following
the scale of left axis. Columns follow the scale of the right axis, and give the
percentage of pieces fond in each tempo category, with the tempo of used for
dance stimulus as midpoint.
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and reflect on shape and movement. Leech-Wilkinson and Prior (2013) noted
that “Shape is . . . very important . . . it’s partly tied in with gesture, for me,
particularly in Baroque music. There’s a sense of something having a gesture .
. . and it’s quite physical . . . and I think that maybe comes from a lot of mu-
sic being originated in the dance . . . ” On the other hand, the question still
remains how strictly the character of the dance was maintained when there
was no active dance practice involved. As already mentioned, court composers
were aware of the aspects of dance performance, also when they composed
concert music, but an evolution to more complex forms inevitably leads to
compositional and interpretational freedom. Also, not all dances were com-
monly danced during the Baroque period, which begs the question of whether
dance movement did influence composition and performance in such cases.
Nevertheless, collaborations between dancers and musicians can lead to new
and fruitful insights in the puzzling language of Baroque dance.
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Federico Visi, Esther Coorevits, Rodrigo Schramm, Eduardo Reck Miranda
Abstract
Body movement and embodied knowledge play an important part in how we
express and understand music. The gestures of a musician playing an instru-
ment are part of a shared knowledge that contributes to musical expressivity
by building expectations and influencing perception. In this study, we inves-
tigate the extent in which the movement vocabulary of violin performance is
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part of the embodied knowledge of individuals with no experience in play-
ing the instrument. We asked people who cannot play the violin to mime a
performance along an audio excerpt recorded by an expert. They do so by
using a silent violin, specifically modified to be more accessible to neophytes.
Preliminary motion data analyses suggest that, despite the individuality of
each performance, there is a certain consistency among participants in terms
of overall rhythmic resonance with the music and movement in response to
melodic phrasing. Individualities and commonalities are then analysed using
Functional Principal Component Analysis.
7.1 Introduction
In the study of embodiment, body movement and gestures in music has re-
cently become an established field of study. Several theoretical accounts have
been put forward through the years (Godøy & Leman, 2010; Gritten, 2010;
Gritten & King, 2006; Leman, 2007), often accompanied by empirical analysis
of body movements of people performing, listening or dancing to music.
As pointed out in Visi, Schramm, and Miranda (2014), musical instruments
have a a repertoire of sound-producing gestures that contribute to build the
ecological knowledge associated to that instrument. Hence, this shared knowl-
edge affects one’s musical experience, by creating expectations and guiding
musical understanding. In fact, by adopting an ecological approach, musical
perception is seen as an active experience influenced by a highly-structured
environment rather than a passive, disembodied phenomenon. From this per-
spective “exposure to the environment shape perceptual capacities of an indi-
vidual” and “perception and actions are inextricably bound together” (Clarke,
2005).
The goal of the present study is to empirically explore the shared knowledge
of the gestural repertoire of a well-known musical instrument among people
that have no previous experience in playing that particular instrument. This
is done by analysing the motion data gathered during an experiment where
neophytes are asked to mime a violin performance. The analysis focuses on
several body parts and movement features, in relation to the music and in
comparison to the actual performance of an experienced violinist.
This experiment draws its motivation from the assumption that the musi-
cian encodes gestures in sound and the listener can decode particular aspects
of them through corporeal imitation. As Leman notes, the listener is capable
of grasping music as intended moving form and perception and understanding
of musical expressiveness is based on corporeal resonance behaviour: “Obvi-
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ously the movements of the listener are not [...] the same as the movements
of the player. What is more or less the same [...] is the motor system that
encodes and decodes sonic forms.” (Leman, 2007). Therefore, a more detailed
analysis of the extent of the gestural vocabulary of an instrument also among
non-experts can contribute to the understanding of musical perception and
expression.
A relevant aspect of the design of this experiment is the use of an actual
violin, specifically modified to not emit any sound when bowed and to be
more accessible to people that have never used one before. Previous studies
have analysed so-called “air performances”of experts and beginners mimicking
the use of various instruments (L. Dahl, 2014; Godøy, Haga, & Jensenius,
2005). Here, the choice of using an actual instrument is motivated by the
adoption of an ecological approach, assuming that the relationship with the
object (indeed part of the aforementioned environment (Clarke, 2005)) and its
affordances (Gibson, 2000; Gibson J J, 1977) may have a significant impact
on the movements of the subjects. In addition, experience using tools has also
been the subject of embodied music cognition research (Leman, Lesaffre, Nijs,
& Deweppe, 2010) and the concept of affordance has seen renewed interest
in multidisciplinary music research (Altavilla, Caramiaux, & Tanaka, 2013;
Menin & Schiavio, 2012).
The analysis of the motion data gathered during the experiment focuses
prevalently on intermediate and high-level movement descriptors. This is mo-
tivated by ecological perceptual theories suggesting that, when processing in-
formation, people seem to be aware of high-level features more directly than
lower-level features (Clarke, 2005). Therefore, we expect high-level movement
features to be more readily identified and shared by the participants. More-
over, body movement and entrainment in response to music are complex and
dynamic phenomenons. Therefore, movement analysis should try to address
complex patterns from multidimensional motion data, rather than single val-
ues that capture a particular feature of a movement segment. Amelynck et
al. (2014) proposed a new method that avoids this segmentation and takes
into account the complete movement dynamics. They analysed the sponta-
neous bodily responses of people to a musical stimulus and tried to model
expressiveness in terms of commonalities and individualities using Functional
Principal Component Analysis (FPCA) (J. Ramsay et al., 2009).
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7.2 The Experiment: Material and Methods
7.2.1 Participants
A total of thirteen participants took part in the study. This includes twelve
neophytes (7 male, 5 female, average age: 33.4, SD of age: 9.8) and one
experienced violinist (male, aged 23), who performed and recorded the stimuli
for the experiment. All participants gave their informed consent and were free
to take breaks or abandon the experiment at any point. Ethical approval was
granted by the Arts and Humanities Research Ethics Sub-committee at the
Faculty of Arts and Humanities, Plymouth University. Participants were also
asked to fill out a brief anonymous questionnaire with basic personal data and
information about their musical background.
7.2.2 Stimuli
Participants were asked to mime a violin performance using the modified violin
along 5 randomly-ordered musical stimuli, which consisted of brief solo violin
excerpts recorded by the experienced violinist. Stimuli were between 8.5 and
34 seconds long and were chosen to cover a variety of different styles and
instrumental techniques.
List of Stimuli
• Antonio Vivaldi “Violin Concerto in A minor, Op 3, No 6, RV 356”
(1711)
• Kaija Saariaho, “Nocturne for solo violin” (1994)
• Camille Saint-Sae¨ns “Le Carnaval des Animaux - 10. Volie`re” (1886)
• Niccolo` Paganini “Caprice No. 1 ‘The Arpeggio’ in E major: Andante”
(1819)
• Sergei Prokofiev “Five Melodies for Violin and Piano, Op. 35bis” (1925)
This study focuses on the data collected using the first and second stimuli.
The first stimulus consists of bars 1–12 of the first movement (Allegro) of Vi-
valdi’s Violin Concerto in A minor (Fig. 8.1), whereas the second one includes
bars 45–48 of the Nocturne for solo violin by Kaija Saariaho (Fig. 7.2).










Figure 7.1: Excerpt of the violin part of Vivaldi’s Violin Concerto in A mi-
nor. The audio recording of the first twelve bars was used as stimulus for the
experiment.
Figure 7.2: Excerpt of Saariaho’s Nocturne for solo violin. The audio recording
of bars 45–48 was used as stimulus for the experiment.
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7.2.3 Apparatus
The multimodal recordings were carried out at the Interdisciplinary Centre for
Computer Music Research (ICCMR), Plymouth University, United Kingdom
and at fourMs - Music, Mind, Motion, Machines, University of Oslo, Nor-
way. In Plymouth, participants’ movements were recorded using a six-camera
marker-based optical motion capture system (Natural Point Optitrack Flex
31) tracking at a frame rate of 100 Hz. A total of 33 reflective markers were
attached to each participant and to the instrument and were located as fol-
low2: LF head, RF head, LB head, RB head, L shoulder, R shoulder, spine
(T5), LF hip, RF hip, LB hip, RB hip, L elbow, R elbow, L wrist (radius),
L wrist (ulna), R wrist (radius), R wrist (ulna), L knee, R knee, L ankle, R
ankle, L heel, R heel, L toe, R toe, R scapula3, violin scroll, violin L upper
bout, violin R upper bout, violin L lower bout, violin R lower bout, bow tip,
bow frog (see Fig. 7.3).
In Plymouth, an additional marker located on the sternum of the partici-
pants was used. However, the data associated to that marker was eventually
discarded as it contained too many dropouts due to the frequent occlusion
caused by the right arm during bowing movements. That marker was there-
fore not used in the subsequent recording sessions in Oslo. The stimuli were
played back through a pair of Genelec 8020C loudspeakers using a DAW4. The
audio interface also generated the SMPTE signal used for synchronising audio,
video and motion capture sources. The audio in the room was recorded by a
pair of condenser microphones placed in a XY stereo configuration as well as
by a video camera used to film the sessions.
In Oslo, the performances were recorded using a nine-camera marker-based
optical motion capture system (Qualisys Oqus 3005) using the same frame rate
(100 Hz) and marker configuration (except for the sternum marker) used in
Plymouth. The feed from a digital video camera was recorded within the Qual-
isys Track Manager software alongside the motion tracking data. The stimuli
were played back using the same model of loudspeakers and the same DAW
software while recording and playback of the various sources was synchronised
using a custom Max6 patch.
1http://www.optitrack.com
2L=Left; R=Right; F=Front; B=Back. A similar configuration can be found in Burger
et al. (2014).
3Used to obtain an asymmetrical marker set, useful for marker identification and tracking.































Figure 7.3: Marker locations and labels.
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Figure 7.4: The modified violin used for the experiment.
The participants were asked to simulate the performance using a modified
violin designed specifically for the experiment. This violin was fitted with a
support system that allowed the instrument to be safely strapped to the shoul-
der of the participant. This was done in order to allow the participants – which
in most cases never had held a violin before – to move with more confidence
without being afraid to drop the instrument. Two thin metal plates soldered
to a metal strip that follows the profile of the bridge were mounted on the vio-
lin body above the strings (see Fig. 7.4). This add-on had a dual purpose—it
helped novices to quickly overcome the initial difficulties of holding the bow
in a correct standard playing position and it prevented contact between the
strings and the bow hair, hence making the violin silent.
7.2.4 Procedure
The expert violinist was recorded first. He performed all the selected excerpts,
which provided both the audio stimuli for the neophytes and video and motion
data to use as a benchmark for the analysis of the participant’s movements.
Each neophyte was recorded individually. For each stimulus, the partic-
ipant was asked to first listen to the audio once in order to familiarise with
the music and then use the modified violin to mime a performance along the
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played back audio twice. Audio, video and motion data were recorded during
each trial.
7.3 Analysis of periodicity and phrasing
7.3.1 Movement Data Preprocessing
The motion data was first preprocessed, labeled and exported to C3D files
using Optitrack Motive and Qualisys Track Manager. The C3D files were
then loaded in MATLAB using Motion Capture (MoCap) Toolbox (Burger &
Toiviainen, 2013). The 33 markers described above were then transformed into
a set of 23 secondary markers, which in the MoCap Toolbox framework are
referred to as ‘joints’ (Burger et al., 2014; Burger & Toiviainen, 2013). The
locations of these joints is represented in Fig. 7.5. Seven joints are obtained by
calculating the centroid of two or more markers: joint 1 (head) is the midpoint
of the four head markers; joint 2 (manubrium) is the midpoint of the shoulder
markers, joint 5 (left wrist) of the left ulna and radius markers, joint 8 (right
wrist) of the right ulna and radius markers, joint 9 (mid torso) of the spine and
the four hip markers, joint 10 (root) of the four hip markers, joint 11 (left hip)
of the the two left hip markers, joint 15 (right hip) of the right hip markers.
On the violin, joint 20 (violin left bout) is the midpoint of the two violin left
markers whereas joint 21 (violin right bout) is the midpoint of the two right
ones. The locations of the remaining joints (3, 4, 6, 7, 12, 13, 14, 16, 17, 18,
19, 23, 22) are identical to the location of the respective markers (see Fig. 7.5).
7.3.2 Comparative movement data analysis using full Mo-
capgrams
By plotting Mocapgrams (Nymoen, Torresen, Godøy, & Jensenius, 2012) (a
graph in which position coordinates of each marker are normalised and pro-
jected onto an RGB colorspace) it was possible to do a preliminary analysis
and observe recurring patterns and periodicities in the motion data. Fig. 7.6
shows full Mocapgrams for the performances of the expert violinist and of one
of the neophytes (top left and top right graphs respectively) on Vivaldi’s Violin
Concerto excerpt (henceforth ‘first stimulus’). Regular colour patterns in the
horizontal rows corresponding to each marker suggest periodicity in certain
parts of the body and the instrument. As an example, the thinnest pattern
can be observed in the right elbow and wrist joints (labeled ‘7 R elbow J’and
‘8 R wrist J/rq respectively), which is consistent with the pattern visible in






















Figure 7.5: Joints configuration: 1=head; 2=manubrium; 3=left shoulder;
4=left elbow; 5=left wrist; 6=right shoulder; 7=right elbow; 8=right wrist;
9=mid torso; 10=root; 11=left hip; 12=left knee; 13=left ankle; 14=right toe;
15=right hip; 16=right knee; 17=right ankle; 18=right toe; 19=violin scroll;
20=violin left bout; 21=violin right bout; 22=bow tip; 23=bow frog.
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the bow markers (‘22 bow tip J’and ‘23 bow frog J’). This shows, expectably,
a certain coherence in the movement of the bow and the arm that holds it,
as well as high frequency periodicity caused by the repetitive bowing move-
ments. Similarly, it is straightforward to notice that the left toe of the expert
(‘14 L toe J’) changes position only three times throughout the whole take.
For the purpose of this study, Mocapgrams are useful not only to observe
general periodicity in the movement of certain parts of the body during the
performance. By providing an overall view of all the motion data, they also
allow to locate movements that affect the whole body, which are visualised by
vertical stripes that go across all the marker rows. In the first stimulus, the
most evident perturbation in the motion data of the expert can be clearly seen
between sec. 23 and 25. The waveform aligned to the graphs shows that this
general shift coincides with the peak the melody reaches at the beginning of
bar 9, before concluding the phrase on the minim at the end of the same bar.
A similar, albeit slightly delayed7, general perturbation in the motion data can
be observed in the neophyte around sec. 25. This is consistent with the data
of the other participants. Fig. 7.7 shows the magnitude of the mean velocities
of the upper body joints (labelled 1 to 8 in Fig. 7.5) of all the neophytes.
Right hand and elbow are plotted separately, since they are involved in the
main instrumental movement and therefore show the highest magnitudes. As
it can be seen in the graph of the first stimulus, the mean velocities of all
joints drop near sec. 25, and so do the values of the standard deviation. This
confirms what was observed above for the expert and one of the neophytes and
suggests a general tendency to parse evident melodic phrases with overt body
movements. As it can be noticed from the full Mocapgrams, this phenomenon
occurs repeatedly during the neophyte’s performance and the same trend is
visible in the data of the other participants. This is consistent with findings
in previous studies on air-performance showing that beginners tend to move
more than experts (Godøy et al., 2005).
The second stimulus used is an excerpt from Kaija Saariaho’s Nocturne for
solo violin (Fig. 7.2). Compared to the first stimulus, the pulse of the piece is
less steady and distinct. Each bar begins with a left hand pizzicato (‘+’ sign in
the score) and continues with a glissando (or with two extra-metric groupings
in the case of bar 48), which then leads to a tremolo. The downbeat of each bar
is clearly punctuated by the pizzicato while the intermediate beats are more
indistinct. In the mean velocities for the second stimulus depicted in Fig. 7.7
we can in fact notice sharper peaks and valleys around the bar lines. Those are
7The delay is plausibly due to the fact that the neophytes follow the audio recorded
during the expert’s performance, therefore their movements slightly lag behind the ones of
the expert.
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Figure 7.6: First stimulus (Vivaldi, score in Fig. 8.1). Full Mocapgrams
and Periodic Quantity of Motion (PQoM) estimates of the bow frog and hip
markers for the expert violinist (left) and one of the neophytes (subject 7,
right) aligned to the waveform of the audio.
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Figure 7.7: Mean velocities of right wrist and upper body joints (labelled 1 to
6, see Fig. 7.5 for the location). The graphs on the left show the values for the
first stimulus (Vivaldi, Fig. 8.1) while those on the right show the values for the
second stimulus (Saariaho, Fig. 7.2). The red numbers and the vertical dashed
lines indicate the bar number and downbeat location. Velocity is expressed in
mm/sec and time in seconds.
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the points were the tremolo reaches its peak leading to the onset of the pizzicato
gesture. The individual Mocapgrams of the data (shown in Fig. 7.8 for the
expert and one of the neophytes) also show general perturbations around those
key points, especially around the downbeat of bar 3 and 4. Overall, there is
ostensibly a clear intention among all the participants to interpret the musical
gesture of the pizzicato with a sharp movement. Even though the location
and extent of the movement may differ from subject to subject, those musical
events are consistently mapped to similar gestural reactions.
7.3.3 Analysis of movement periodicity using Periodic
Quantity of Motion
Another useful descriptor used for analysing movement periodicity is Periodic
Quantity of Motion (PQoM). First introduced in Visi, Schramm, and Miranda
(2014), this index gives an estimate of the resonance of the movement period-
icity with different rhythmic subdivisions in the music. Inspired by the widely
known Quantity of Motion (QoM) (Camurri, Mazzarino, & Volpe, 2004a; Ca-
murri & Volpe, 2011), PQoM is a motion descriptor useful to observe how
movement relates to rhythmic aspects of the music. PQoM is calculated by
subdividing the magnitude vector of the 3D motion data into frequency com-
ponents by using filter banks. The frequencies of the filters correspond to
multiples and subdivisions of the musical rhythm of the piece. In the case of
the first stimulus (Fig. 8.1), a frequency of 1.5 Hz corresponds approximately
to a steady crotchet beat, while 0.75 Hz correspond to a minim beat, 3 Hz
to a quaver beat and 6 Hz to a semiquaver beat. The PQoM at a certain
rhythmic subdivision is the magnitude of the corresponding frequency com-
ponent in the movement normalised between 0 and 1. PQoM was estimated
for four components until the end of the audio stimulus (sec. 33). By using
PQoM, it is possible to relate the motion periodicities initially observed in
the Mocapgrams to the actual rhythmic features of the musical stimulus. In
Fig. 7.6, PQoM graphs of the bow frog marker and one of the hip markers are
aligned to the Mocapgrams. These two markers were chosen as the former is
a good indicator of the main instrumental gesture (bowing), while the latter
traces ancillary movements occurring in the lower half of the body during the
performance. As shown in a previous study (Visi, Coorevits, Miranda, & Le-
man, 2014), movements in this area in some cases do not resonate evenly with
the instrumental movements in the upper body. This is noticeable here as
well after a first glance at the PQoM graphs in Fig. 7.6. Expectably, the bow
frog PQoM of the expert is generally higher. However, expert and neophyte
seem to follow similar patterns throughout their performances, with PQoM
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Figure 7.8: Second stimulus (Saariaho, score in Fig. 7.2). Full Mocapgrams
and Periodic Quantity of Motion (PQoM) estimates of the bow frog and hip
markers for the expert violinist (left) and one of the neophytes (subject 7,
right) aligned to the waveform of the audio.
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peaking around sec. 4 and 25 in the 0.75 Hz component, between sec. 6 and
16 in the 1.5 Hz component and at sec. 26 in the 3 Hz one. However, the
two hip PQoM graphs look very different from each other, sharing only a rel-
ative peak in the 1.5 Hz component around the minim that closes the phrase
in bar 9. In fact, the neophyte’s hip PQoM graph shows that entrainment
is remarkably more frequent and intense in that area than in the expert’s.
Moreover, by aligning PQoM graphs with Mocapgrams, it is possible to add
further details to previous observations. In correspondence with the end of
the phrase described previously (bar 9, sec. 23–25), there is a sudden shift of
the PQoM index from a peak in the minim beat frequency to a peak in the
quaver beat frequency after sec. 25. This salient turning point in the melody
is therefore consistently reflected in the movement of both subjects, denoting
a shared, embodied knowledge of the expressive qualities of the music, which
they express through their instrumental gestures regardless of their expertise
with the instrument.
As noted also in the previous section, compared to the first stimulus, the
second stimulus (Fig. 7.2) lacks of the steady and evident allegro pulse. The
excerpt used has a much slower pace with expressive variations (the tempo
indication reads Sempre espressivo, calmo (♩ = c.54)). This is evident when
looking at the red bar lines plotted on the waveforms in Fig. 7.8, which denote
bars of slightly different durations. Therefore, we estimated the PQoM for
several different frequency bands (from 1 Hz to 13 Hz with a step of 1 Hz).
The results show, expectably, an overall less pronounced movement periodicity
compared to the first stimulus. However, there are notable peaks in the PQoM
of the expert’s bow frog, especially in the 2 Hz and 4 Hz frequency bands. This
peaks occur right before the downbeat of each bar, in correspondence of the
tremolo notes that lead to the pizzicato notes. Notice the alignment of these
peaks of periodicity with the vertical stripes denoting movement across the
whole body in the expert’s Mocapgram at sec. 10 and 15. This peaks in
PQoM values are ostensibly due to the faster, repetitive bow strokes necessary
to perform the tremolos. A peak of periodicity, although weaker, can be
observed also in the neophyte’s bow frog marker, towards the end of bars
2 and 4 (approximately between sec. 10 and 12 and after sec. 20). Similarly
to the previous stimulus, the bow frog PQoM of the expert is generally higher.
However, there are relative peaks around the same areas, in correspondence
with the tremolos.
The expert’s hip marker shows much weaker periodicity. Apart from some
barely noticeable peaks near in the areas leading to the downbeats of each
bar (which may denote some modest resonance with the periodicity of the
bow frog during the tremolo gestures), the PQoM values slightly increase in
7.3. ANALYSIS OF PERIODICITY AND PHRASING 167
the low frequency bands in bar 4. On the other hand, the PQoM values of
the neophyte’s hip marker are noticeably higher throughout, confirming the
tendency observed on the first stimulus. There is, again, more entrainment
in the ancillary movements of the neophyte. This supports the assumptions
made in section 7.3.2 and is yet again consistent with the findings of previous
studies (Godøy et al., 2005).
7.3.4 Results
The preliminary comparative analysis of the motion data of the first stim-
ulus suggests that high-level, structural features of the music are expressed
through instrumental movements in similar ways by the subjects, regardless
of their ability to play violin. In particular, the turning point of the melodic
phrase at bar 9 seems to be something that is ‘felt’ by the subjects also in a
strongly embodied way, as it impacts the movement of the whole body and
the periodicity of the instrumental movements, which shifts sharply from one
frequency to the other. In addition to that, after the minim that closes the
phrase there is a peak in the 3 Hz PQoM of the expert and an even higher one
in the neophyte. This may suggest that the suspension created by a longer
note ending a phrase creates a stronger expectation for the following melodic
part, with which the neophyte engages also through ancillary movements, as
shown by the hip PQoM graph. In fact, all the neophytes seem to have a more
pronounced full-body periodicity. This can be hypothesised by simply looking
at the vertical stripes in the Mocapgrams. However, PQoM gives a much more
precise estimate of the periodicity in relation to the musical rhythm. Nearly
all the neophytes seem to have a generally higher resonance with the period-
icity of the music at the hip compared to the expert, whose PQoM is instead
higher at the bow frog. This can be observed in both stimuli, and may lead to
the hypothesis that neophytes tend to follow the pulse and the features of the
music with ancillary movements also to compensate for the lack of expressivity
of their silent instrument. Doing so, they express the musical content of the
stimulus using their full bodies.
Compatibly, the data of the second stimulus (even though musically very
different from the first one) also suggest that the major structural features of
the musical excerpt are expressed through instrumental movements in similar
ways. The second stimulus shows expectably less entrainment due to its slower
and more implicit rhythmic features. However, the bar subdivision delineated
by the rising tremolos and the pizzicatos are clearly expressed by the neophytes
through instrumental and body movements.
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7.4 Analysis of Individualities and Commonal-
ities
Our interaction with music engages the whole body, but not all body parts
show the same behaviour (Burger, Thompson, et al., 2013; Visi, Coorevits, et
al., 2014). In this analysis, we focus on the movements of the head and the right
wrist. In fact, previous research has shown that string players communicate
expressive qualities of the music through head movements (Coorevits et al.,
2017; Glowinski et al., 2015). In addition, we also address the movements made
by the right wrist, a body part that is directly involved in sound-producing
gestures, as the bow is moved by the right hand.
In this analysis, the performances of all the 12 neophytes are taken in
consideration. The first derivative (velocity) was calculated from the motion
data of each subject using a Savitsky-Golay smoothing filter with a regression
window of 7 frames (Burger & Toiviainen, 2013) and the resulting signals were
set equal to the norm of the derivatives. Secondly, the speed envelope was
calculated using a moving average filter of 100 frames in case of the Vivaldi
and 150 frames in case of the Saariaho to make sure the beat of the music (1,5
Hz for the Vivaldi, 0.7 Hz for the Saariaho) was covered by the window and
at the same time avoid losing too much nuances in the movement. We then
compared the speed of the body movements, as this feature is closely related
to kinetic energy (Dempster & Gaughran, 1967). To check if the data was
normally distributed, a Weibull function was fitted to the distribution of the
speed values across subjects at all moments in time. The mean speed signal of
both head and wrist at each timestamp over participants was approximately
normally distributed, corresponding to a shape parameter of the fitted Weibull
distribution between 2.7 and 3.2 for both pieces.
7.4.1 Modelling head and wrist movements
The method for the analysis of expressiveness proposed by Amelynck et al.
(2014) is based on Functional Principal Component Analysis (FPCA). FPCA
allows to describe a signal as the sum of an average signal f¯(t) with a linear
combination of a set of eigenfunctions ξk(t) (commonality). Each subject can
then be represented by one score (αi) per eigenfunction (individuality):
fi(t) = f¯(t) +
K∑
k=1
αik ξk(t) . (7.1)
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This way, the dimensionality of the problem is reduced and as much vari-
ance as possible is covered by only a small set of eigenfunctions. According
to this method, the set of eigenfunctions should explain at least 70% of the
variance. For our modelling, a correlation matrix based on the speed enve-
lope of all subjects over time C(t1, t2) is used as an input. An additional
assumption for using FPCA is that there is a relationship between values in
C that are only few samples apart. Therefore, the data is decomposed in a
set of Cubic B-spline basis functions. To determine a reliable number of basis
functions, the Mean Squared Error between model and signal was calculated.
For both the head and wrist, and in both stimuli, the number of basis func-
tions could be set to 60. A set of eigenfunctions could then be calculated by
means of FPCA, using a least square algorithm. As the human body show
complex behaviour, Varamix rotation of the functional principal component
axes was applied to calculate a basis of eigenfunctions that most economically
represent each individual by a linear combination of only a few basis func-
tions. FPCA was performed using Ramsay’s FDA toolbox for MATLAB. His
approach (J. Ramsay et al., 2009) was followed throughout the procedure.
7.4.2 Results
To cover more than 70% of the variability of the head in the performance of
the Vivaldi excerpt, we need up to three eigenfunctions that account for 40%,
28% and 19% respectively, totalling 87% of the variability (Fig. 7.9). An equal
amount of eigenfunctions is needed for the wrist as 84% of the variability is
covered with 40%, 15% and 29%. This means that, with only three eigen-
functions, we can model more than 80% of the commonalities in the head and
wrist movements of the neophytes miming a violin performance following the
musical stimulus. The individuality of each subject was obtained by calculat-
ing the Functional Principal Component Score for the three eigenvalues. The
individual performance can hence be modelled by three values indicating a
positive or negative score for each eigenfunction. As few individualities were
required for the model, this suggests that music was embodied in similar ways
among the subjects.
For the head, the first eigenfunction has a positive deviation from the
group’s mean for almost the entire stimulus. This means that subjects with a
positive factor on this function will perform with higher speed than the aver-
age, nearly throughout the whole recording. In more detail, this eigenfunction
reveals something about the periodic movement and phase of the head. Sub-
jects scoring low on this eigenfunction will have low velocity in the beginning
of the bar, and higher velocity in the middle (bars 1, 3, 4, 7, 9, 10, 11, 12),
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Figure 7.9: First stimulus (Vivaldi, score in Fig. 8.1). Eigenfunctions for the
speed envelope of head and right wrist movements after Varamix rotation.
The green line indicates a positive offset from the group’s mean, the red line
a negative offset.
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while subjects scoring high will have their velocity peak in the beginning of
each bar. In the middle of bar 7, this is reversed and bar 8 and 9 have an
opposite velocity profile. Note that this is the moment where the repeated
note sequences end and new musical material starts. In the beginning of bar
6, the eigenfunction values are close to the mean. The second eigenfunction
has a major positive deviation from the mean in bar 5,6 and 7, the second
half of bar 8 and bar 9, and the last two bars. This is complementary to the
first eigenfunction. The third eigenfunction has a major negative deviation,
especially in the first 4 bars and bar 8.
The first eigenfunction of the right wrist has a major positive deviation in
bars 2-3, 6-7 and 10-12 and the second eigenfunction accounts for a positive
offset in bars 1 and 8 in particular. Again, the third eigenfunction has a
negative deviation from the group’s mean, especially covering the variability
in bars 3-6, and 8-10. Fig. 7.10 shows the individualities for the head and wrist,
clustered using k-means clustering. The number of clusters was set to 5 for
the head and 4 for the wrist, after considering the optimal number with k-fold
cross validation. These three variables are the principal component scores, or
weights for the eigenscores, which represent the performance of the individual
subject.
Some intervals of coherence (i.e. time intervals of equal signs) could be
derived from these results. When an eigenfunction has multiple intervals of
coherence it can be considered consistent. For the head, the first eigenfunction
shows this behaviour from the middle of bar 4 until the end of bar 5, as well
as from bar 7 until the end of bar 10. The second eigenfunction covers this for
bars 5-7, 9, 11 and 12. The third eigenfunction does not show long intervals of
equal signs, except for the first bar. Coherence for the right wrist movement is
found in the first eigenfunction from bars 2-4, the middle of bar 5–7 and bars
11-12. The second eigenfunction reveals coherence in the first bar and from
the middle of bar 7 until the end of bar 8. From bar 3 until the beginning
of bar 7 and bars 8-10 are coherent in the third eigenfunction. Thus, each
eigenfunction dominates specific time intervals in the musical structure and
they are mostly complementary to each other. The third eigenfunction of the
wrist, for example, nicely reflects the repeated notes in the music (bar 3–7)
and the new musical material introduced in bar 8-9 and 10. A similar effect
can be seen in the second eigenfunction of the head. The last two bars of the
musical stimulus (11-12) are also represented in two eigenfunctions (the second
eigenfunction of the head and the first of the wrist).
For the second stimulus, two eigenfunctions are sufficient to explain 70%
of the variability of the head, and with three eigenfunctions, even 88% of
the variability is covered. For the wrist, three eigenfunctions (47%,18% and















































Figure 7.10: First stimulus (Vivaldi, score in Fig. 8.1). Individualities for head
and right wrist movements, clustered using k-means clustering.
21% resp.) are sufficient as well. Again, this means that we can model the
behaviour of the neophytes with a limited number of eigenfunctions, pointing
at similar embodied behaviour (Fig. 7.11).
The first two eigenfunctions considered in the head are very consistent,
with the first eigenfunction showing increasing positive and decreasing negative
offsets towards the end of the excerpt. The second interval shows very distinct
intervals of coherence that correspond to the intervals of the bar. Participants
with a positive eigenvalue for this function in general will have a lower velocity
within each bar and an increase in velocity towards the next bar, while the
participants with a negative eigenvalue show opposite behaviour. The points of
convergence at the bar transitions show that the second eigenfunction mostly
accounts for individual behaviour within each bar.
The third eigenfunction reveals different timing behaviour of the partici-
pants, with a negative offset meaning an earlier peak than a positive offset.
This was validated using cross-correlation with the maximal correlation at -
0.296 seconds, showing an interesting parallel with the typical reaction time
of people in tapping tasks, which generally lies between 200 - 300 ms (B˚a˚ath,
2016). It could be that the difference between participants in how well they
predict what will happen in the stimulus, is expressed with this eigenfunction.
The first eigenfunction of the wrist movement in the Saariaho excerpt shows
a general positive offset. Moreover, it can be clearly observed that the differ-
ence in musical material in the fourth bar is reflected in the movement of the
wrist: there is a point of convergence in the middle of the fourth bar, while this
does not appear in the other three bars where pitch changes appear mostly
in the beginning of the bar. The second and third eigenfunction of the wrist
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Figure 7.11: Second stimulus (Saariaho, score in Fig. 7.2). Eigenfunctions for
the speed envelope of head and right wrist movements after Varamix rotation.
The green line indicates a positive offset from the group’s mean, the red line
a negative offset.
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are very complementary in the case of the Saariaho piece, where the second
eigenfunction accounts for the variability in the beginning of the first bar and
the transitions between bar 2-3 and 3-4 and the last part of the fourth bar,
while the third eigenfunction accounts for the variability in the middle of these
bars. This last eigenfunction is very similar to the second eigenfunction of the
head, but less pronounced though.
In general, it could be observed that the head is a body part that shows
very clear intervals of coherence that match well with the timing structure of
the piece (whole phrase, bars and reaction time of participants).
7.5 Conclusion and Future Work
Even though low-level features of movement appear to vary considerably in
some of the subjects, there is a certain degree of consistency among partici-
pants, especially in response to melodic, rhythmic, and timbral features of the
music. This suggests a shared knowledge of a vocabulary of instrumental move-
ments, which is then combined with the idiosyncrasies of each subject. The
analysis of commonalities and individualities confirms this, and other studies
(MacRitchie, Buck, & Bailey, 2013) support the idea that musical structure
is communicated also through body movements, and idiosyncrasies contribute
to express musical meaning.
Further work will go towards studying the response of the subjects also to
the other musical stimuli recorded during the experiment. Each stimulus differs
substantially from the other, providing material for analysis of movement in
response to other musical features.
New approaches to movement analysis are in continuous development and
there is an increasing need for tools that can aid the retrieval of meaningful fea-
tures in complex, multidimensional motion data. Therefore, other approaches
– like Topological Gesture Analysis (TGA) (Naveda & Leman, 2010) – will be
tested and possibly employed along with the methods we presented here. New
techniques for motion data analysis could get inspired by concepts suggested
by theories of music perception and cognition, therefore making the analysis
more akin to how humans perceive and move to music. This is indeed a chal-
lenging task since retrieving meaningful, articulated information from motion
data requires complex algorithms and technologies.
The PQoM algorithm will also be refined and improved for real-time imple-
mentation. This will be useful both for online analysis and interactive music
performance (which was initially explored in Visi, Schramm, & Miranda, 2014).
Motion data analysis has provided great detail for understanding the role
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of body movement in musical expression and cognition. However, it is felt that
integrating quantitative data analysis with qualitative analysis and practice-
based research may broaden the scope of the research, allowing to test the
assumptions made through the analysis in musical contexts, outside of the
sterile environment of the laboratory.
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Abstract
In our engagement with music, not only the physical experience of sound is
important. Also the interplay between body movements, musical gestures
and the cognitive processes of performers and listeners, is part of our expe-
rience. Yet, this multimodal aspect is not always fully considered when an-
alyzing music performance. In this paper, we want to establish a framework
for a multi-layered analysis of music performance, building on data retrieved
from quantitative and qualitative procedures and involving the perspectives of
composer, performer and musicologist. Thereby, this paper aims at providing
new understandings of creativity and expressiveness in musical performance.
The study builds on the assumption that expression in musical performance
emerges from an interaction between the musical material, intentional deci-
sions and sub-conscious processes on the level of the body schema and the
177
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performer’s habitus. In order to access these processes, data was collected
from four performances ( two rehearsals and two concerts) by Stefan O¨tersjo¨
of David Gorton’s composition Austerity Measures I. The performance was
analyzed in detail, using both a ‘bottom-up’ approach (audio-analysis, move-
ment analysis and Self-Organizing Maps) and a ‘top-down’ perspective (anno-
tations from video-footage and perceived phrasing analysis that was carried
out through a collaborative and iterative process built on stimulated recall
sessions). The analysis takes into account individual gestures but also coar-
ticulated or compound gestures. The results indicate a clear relation between
timing profiles, coded gestures and musical shaping in performance on the lev-
els of musical material, phrase and super-phrase. These different analytical
layers were compared and evaluated, which pointed out that multiple perspec-
tives can reinforce each other in understanding musical intentions and expres-
sion. Therefore, the analytical framework developed could be an important
step in the coupling of performers’ intentions with the expressive enactment
of a musical score.
8.1 Introduction
In music research, analyzing “expressiveness” in music performance is a recur-
rent and complex topic. Traditional experimental psychology often considered
expressive intentions in relation to emotional content (Gabrielsson & Juslin,
2003; P. Juslin, 2005; P. Juslin & Laukka, 2003), where specific features of the
music are linked to emotional meaning. Also, computational modelling has
been applied to decompose performances in specific aspects of variability in
order to define different sources of expression (Goebl et al., 2008; P. Juslin et
al., 2001; Widmer, 2001). This variability is often conceived as “the deliberate
shaping of the music by the performer and the imposition of expressive qualities
onto an otherwise ‘dead’ musical score via controlled variation of parameters
such as intensity, tempo, timing, articulation, etc.”(Goebl et al., 2008, p. 196).
This view, however, renounces the fact that the musical material itself may
be autonomously expressive. Off course, these expressive affordances of the
musical score can then be enhanced by the musician’s interpretation and per-
formance of that score (Leman, 2016). Fabian, Timmers, and Schubert (2014)
open up the definition by stating that “expressiveness is not the deviation rel-
ative to a musical score,” that it is “...not the same as emotion”, and that it
is “dependent on historical and cultural context.” Rather, they encourage the
use of expressiveness in the intransitive sense of the verb (Fabian et al., 2014,
p. xxi-xxii). This corresponds to the idea of phenomenological aesthetics that
8.1. INTRODUCTION 179
music should not express something, but that it can be autonomously expres-
sive in itself (Leman, 2016). But how should we then analyse expressiveness
in light of such a definition?
The ongoing debate considering expressiveness in music performance has
given way for an emerging field of “performance analysis”. An increasing set of
methods has been developed to study expression in music, often using recorded
performances as source documents, and rarely conducted by performers them-
selves. But, being much more than just studying how the music sounds, anal-
ysis of expressiveness should include performance attitudes, gestures, social
context, and audience responses (Bowen, 1996). More recent developments
along similar lines point to a focus on identifying “the potential elements of
a performance” but also “the physical actions of the performer, which not
only inform, but also shape the analytical awareness that may emerge” (Rink,
2015).
In fact, we will argue based on Leman (2016) that expression in music per-
formance emerges from the interplay between patterns in the musical material
and the performer’s subjective conception and enactment of those patterns.
In order to understand this, we will develop on two concepts: the emergence
of patterns in music performance and the idea of gesture and body schema.
We will argue that expression in music performance emerges from embodied
interactions with musical materials and the habitus or body schema of the
musician and we are particularly interested in how much of what is perceived
as expression in performance emerges from these interactions with the musical
material.
8.1.1 Emergent Patterns
Music is an art that exist in time and space. Because of this premise, music
appears to us as a dynamic art form. When we listen to music, we have the
impression as if tones are moving, so to speak, “in”or “through”time. Actu-
ally, we project time into space, we express duration in terms of extensity, and
succession thus takes the form of a continuous line or chain of events (Bergson,
2010, p. 100 as cited in Alperson, 1980). This unfolding in time contributes
to our esthetic apprehension of music, which was already acknowledged by
Greek philosophers: “The apprehension of music depends on these two fac-
ulties, sense-perception and memory; for we must perceive the sound that is
present, and remember that which is past. In no other way can we follow the
phenomena of music” (Aristoxenus, 1902, p. 193-194).
The human experience of time (and music) can be understood as a constant
interplay between our memory of what has happend and what we perceive now
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and expect in the future. This creates a tension between steadiness and change,
duration and successsion (Fraser, 1990). When considering our interaction
with music, this leads to a phenomenological approach in the way in which
music emerges in its temporal unfolding across short-, medium-, and long-
term durations. Musical phenomena, from single unmodified sustained tones
to complex melodic, rhythmic and harmonic gestalts, may be said to move in
this sense, because they evolve over time. (Alperson, 1980).
These moving forms are actually emerging patterns that are perceived as
such for several reasons. First, the physical appearances of sounds such as
pitch, duration and the occurrence and succession of notes in time creates
arrangements of sound. These arrangements are processed by our auditory-
perceptual system, which is done mostly at the neural level (Large, 2010). This
gives rise to perceived phenomena such as groove, meter or musical phrasing.
Moreover, our perception of certain patterns is influenced by our disposition
towards certain patterns, which is dependent on our cultural repertoire of
music (Leman, 2016). On top of that, our perceptual system can be mediated
by other phenomena such as (the perception of) movement (Phillips-Silver &
Trainor, 2007) or our bodily resonance (van Noorden & Moelants, 1999). This
interaction of materials gives rise to certain arrangements of sound or patterns
that evolve over time, and therefore, appear to us as “moving sonic forms”
(Hanslick, 1854, p. 52).
Hence, music performance unfolds in constant consideration of how pat-
terns emerge during the moment of performance, taking into account what has
been played and what should be played next. From this experiential unfolding
through time, it follows that a performer may conceive a plurality of structures
in the presentation and interpretation of musical materials, resulting in a vari-
ety of different performed structures of the same piece. The manner in which
a performer chooses to articulate a material’s rhythmic organization, whether
suppressing or enhancing the given musical structure, can alter the perceived
expression of the material. Musical structure, as understood in these terms,
therefore attains a plasticity in performance and opens towards potential ex-
pressions. Expression would typically modify nuances in the arrangements of
patterns in such a way that the emerging patterns would benefit in clarity,
shape and appearance. (Leman, 2016, p. 95).
8.1.2 Expressivity and the performer’s voice
In light of such a framework, the performer is a creative actor, who interprets
or “acts out” a composition or score. This is managed by the process of enact-
ment (Leman, 2016). Enactment, here, is a process of encoding and decoding
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actions. It means that the music becomes meaningful through our associa-
tions of the emergent patterns or moving sonic forms in music with our own
actions, and hence, our body movements responsible for these actions (decod-
ing). These actions appear to us as goal-directed, and therefore, meaningful.
The enactment process also allows for the transformation of those intentions
into sound patterns, using sensorimotor schemes that turn the intended actions
into body movements or gestures, that realise the sound patterns (encoding).
Performers are involved in both encoding and decoding activities of their own
performance, and they engage sensorimotor schemes to deal with the patterns
that emerge during performance. These sensorimotor schemes are dynamic,
fast, and pre-reflective processes that draw upon intensive learning and condi-
tioning, the so-called “practiced enactments.” Once an action is initiated, the
sensorimotor scheme automatically takes care of the execution of this action
in time. These practiced enactments can be a certain scale, types of embellish-
ments, but also parts of a score that are played semi-automatically. However,
these schemes also guarantee the realisation of on-the-spot, fast and efficient
adaptations of these enactments in the context of the performance (Caruso et
al., 2016; Leman, 2016).
In fact, musical performance is shaped in relation to the body and to the
way we perceive and interact with the world through our body. This is how
motion of the body is introduced into the particular way in which a musician
creates what Cumming (2000) would have called the performer’s voice. The
performer’s voice emerges from the interplay between the affordances of an in-
strument, one’s habitus, and the body in the present context. First, a musician
interacts with the affordances of a musical instrument. Think about the way
in which a musician learns to play with the resistances and the possibilities of
an instrument, a long-term process that takes many hours of practice and lies
at the basis of the formation of a performer’s habitus (Bourdieu, 1980). Here,
embodied knowledge is gradually built. It may consist of musical strategies
and intentions towards the shaping of materials on a particular instrument,
ways of controlling rapid finger work, ways in which an instrument would best
resonate with a hard attack, and so on. This gives rise to body schemata,
which are actually a set of representations of sensorimotor schemes that can
be activated in performance. The context in which the performing body inter-
acts with the environment feeds and can alter the sensorimotor schemes that
are initiated by these schemata, but also can change our awareness of our body
in performance (Gorton & O¨stersjo¨, 2016).
The voice of the performer, then, is at the heart of expression in musical
performance. It emerges from embodied interactions with musical materials,
traditions, the present context, and between people, at levels that are largely
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beyond the verbal domain or semantic meaning. It puts musical expression
in a holistic context, with the body as central mediator. Whether expression
emerges at a level beyond intentionality or not, musical expressions are not only
about working towards an intended goal but also about exploring a situation
that emerges in the presence of the performance. In this phenomenological
view on musical expression, musical gestures offer a way to deal with and
structure our environment in terms of action patterns that are conceptualized
as understandable units in our habitus, but that can emerge and be modified
when carried out in the present time and context as well (O¨stersjo¨, 2017).
8.1.3 Musical gestures
Gesture research has become an important constituent in understanding mu-
sical performance, as it provides immediate access to performers’ expressivity.
In an article from 2013, Jennifer MacRitchie and colleagues published results
suggesting that performers use bodily movements as “a way of corporeally
manifesting their interpretative choices”. Their conclusions support the ar-
guably self-evident proposal from Repp’s (1999) quantitative study that “per-
formers may express the same musical structure in different ways” going on
to state that: “Repeated meaningful patterns in performers’ movements are
therefore not incidental movements but, as gestures are movements which carry
meaning, are perhaps performance gestures relating to composition structure.
These performance gestures, while idiosyncratic, are used by all performers to
relay the hierarchical phrasing structure across performances.”
If we draw the parallel between music as an artform that is deployed in
time and space, performers’ gestures, because they can be regarded as the
corporeal manifestations of musical expression, are equally structured in time
in space. Similar to the formation of musical patterns, performers’ movements
are perceived as structured emerging patterns rather than a continuous stream
of movement. Godøy’s theory of chunking and co-articulation (2009; 2010)
provides a framework to understand this formation of patterns. According to
this theory, the continuous stream of sound and motion we perceive during
performance is re-organised in separate units or percepts. These perceived
units are understood as comprehensive conceived fragments of movement and
sound or coherent actions which Godøy calls chunks. This idea was inspired by
Schaeffer’s concept of sonic objects, “which are fragments of musical sound,
typically in the 0,5 to 5 seconds range, holistically perceived as meaningful
units”(Godøy, 2009, p. 69). Chunks are not just a regrouping of information
but can be understood as centered on goal-points (i.e. a point where we want to
arrive) and are therefore meaningful. In music we could understand these goal-
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points as important events such as downbeats, various accents or particular
significant notes. Within these chunks, small-scale movements and sounds are
merged or fused into more superordinate actions, a phenomenon described
as coarticulation (Godøy, 2014b). As a consequence of coarticulation, goal-
points are always included in some kind of continuous motion trajectory, but
we will nevertheless tend to associate continuous sensory information with
distinct action-units or gestures. The movement trajectories towards these
goal-points can be seen as prefixes, the trajectories from these goal-points
as suffixes. The idea of prefixes and suffixes also addresses the problem of
sometimes unclear boundaries between action chunks, as prefixes and suffixes
may very well overlap. In that sense, chunks could be seen as units that serve
as solid building blocks defining a spatio-temporal grid in music (Godøy, 2010,
p. 120-121).
Therefore, the patterns that emerge from this coarticulation of gestures are
informative of the performer’s voice, and hence the expressive qualities in the
music. We could therefore conceive the co-articulated patterns of performance
gestures as the immediate access to musical expression. This expression re-
sults from the performer’s body scheme (learned expressions and techniques),
the intentions of the performer (for example phrasing and articulation), the
musical material that is performed (the score) and the performance context
(rehearsal, concert).
8.1.4 Methodological Framework
When acknowledging the role of gesture in expressive music performance, some
methodological questions arise. How can we access the meaning of gestures
through the physical appearance of body movement? Music performance can
be seen as constructed out of different layers of significance and can therefore
be described from different levels. Low-level or bottom-up descriptors such
as physical characteristics of sound (i.e.timing, intensity,. . . ) and movement
(Quantity of Motion, kinematics,...) and highlevel features (emotions, sub-
jective experiences, verbal descriptions) accessed from a top-down approach,
are both related with the musical material (score)(Desmet et al., 2012; Godøy
et al., 2012; M. R. Thompson & Luck, 2012). All these different layers are
connected in a sense to musical expression (Fabian et al., 2014). In this study,
we want to access and explore these different levels of expressiveness.
Acceleration and velocity profiles of gestures for example, have shown to be
useful in the study of musical timing (Goebl & Palmer, 2009b; London et al.,
2016; Toiviainen et al., 2010). Quantity of Motion (QoM) on its term has been
related to expressiveness and features of the bass (Camurri, Lagerlo¨f, & Volpe,
184 CHAPTER 8. UNDERSTADING EXPRESSIVE PERFORMANCE
2003; Van Dyck, Maes, et al., 2013). At the other side of the spectrum, verbal
descriptions, subjective experiences and the musician’s intentions play an im-
portant role in our daily interaction with music. This is the way performers
and audiences naturally communicate about music, which leads to intention-
based and symbolic or linguistic expressions (Leman, 2007). When musical
gestures are accessed by means of verbal descriptors, this often leads to con-
scious reflections on the body movements of the performer. In that sense, the
concept of musical gesture can be useful to bridge the gap between mental and
subjective experiences of the performer/the listener and the direct observable
physical world. Therefore, musicologists that study music performance can’t
get round the performer’s body and the related gestural vocabulary.
Recent studies indeed have made an attempt to close the gap between
these bottom-up and top-down methodologies in music performance research,
by applying a performer informed analysis (Caruso et al., 2016; Desmet et al.,
2012). Recently, artistic practice has also been increasingly adopted as a com-
plementary research method for the arts and humanities, leading to mixed, in-
terdisciplinary methodologies (Rink, 2015). This acknowledges the performer’s
voice as a central element of musical expressivity, but it is methodologically
challenging. It implies that we have to take into account the composer (as the
conceiver of the musical structure), the performer (the one who enacts this
structure) and listener (the one who perceives this enactment, and therefore,
also plays a role in it) in their interaction with the musical work in a larger
musical practice. This musical practice could be the “performance space”,
within which the music can unfold in time and and space, and within which
musical meaning can be created.
8.1.5 Aims
In this study, we want to access and explore the different levels of expressive-
ness in performance and try to establish a relationship between different layers
of analysis. By deconstructing a musical performance in different layers, the
complexity of music as a multimodal experience can be reduced without losing
the richness of impressions inherent in such an experience. In the analysis,
we combine the physical presence of gestures with the intrinsic knowledge of
performer, composer and musicologists in order to define a framework for the
gestural vocabulary of a performer. This framework is created from the in-
sights of a functional and intrinsic approach rather than from a predefined
framework. More specific, we combine a bottom-up approach, drawing on a
variety of analytical methods to see what kind of structures are managed, com-
municated, and even created in live performance, with a top-down approach of
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Figure 8.1: First 17 bars from the score of Austerity Measures I
gesture analysis. We hypothesise that the sound patterns that emerge during
performance will be reflected by the patterns that occur in the performer’s
gestures. This intimate relationship between musical gesture and musical ex-
pression is important, as to engage yourself as a performer, but also engage
your audience draws on a large part on these bodily interactions.
8.2 Method
8.2.1 Music
In this study, we consider the performance of Austerity Measures I, a piece
by the British composer David Gorton for ten-string guitar (Fig. 8.1). The
piece consists of 64 bars of music, which can be divided in 5 sections in which
different types of material are used. The first part (bars 1-15) consists of
relatively isolated chords using harmonics on the guitar; the second part (bars
16-30) continues to use harmonics, but now presented as series of single notes
mostly with large pitch intervals. The third part (bars 31-49) consists of a
series of ascending melodies with 5-12 elements, played in a more ‘lyrical’ legato
style. The fourth part (bars 50-58) is a series of 10-note arpeggio patterns and
the fifth part (bars 59-64) is a kind of coda, containing just one ascending
pattern with gradually decreasing dynamics. However, it may be argued that
this sequence of scored material is not ‘the work’ but rather material which
is activated in performance according to rules that instruct the performer to
‘decompose’ the scored material.
During performance, the score should be repeated three or four times.
When playing through four times, the performer labels each bar with the
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numbers 1, 2, 3 or 4, with a roughly equal distribution and frequently changing
the order of the numbers throughout the piece. Only the first and the last bar
have a fixed label, which is 4. In the first round, the piece should be played
as it is written, but for the second run-through, all bars labeled 1 should be
replaced with rests. On the third time, all the bars labeled 1 and 2 should be
replaced with rests, and on the fourth time, all the bars labeled 1, 2, and 3
should be replaced with rests, leaving the performer only those bars labeled 4
to play. In other words: during the performance, the piece is constructed by
deconstructing it. When playing through three times, the process is similar,
using the numbers 1 to 3 instead of 1 to 4.
The system establishes a performance context in which the live creation of
the piece is of main importance. For the performer, the implications of the
cuts do not emerge immediately from the patterns of the numbers, but from
the on-stage re-evaluation of the surviving materials within their new contexts.
Therefore, the expressive outcome in terms of timing, performance dynamics
and bodily gestures are emergent from the immediate context. Phrases that
span several bars become broken and fractured, requiring new phrasing and
shapes to be sought by the performer. In other words: new patterns emerge
from the musical material that is re-combined in the different run-throughs.
Musical materials that were originally separate and distant become adjacent
gestures connected by silence. Increasingly lengthy silences encroach upon
the flow of the surviving materials, requiring preparation and framing. The
tempo of the piece is flexible in order to leave space for the performer to
phrase and shape the music to his expressive intentions. The loss of material
during the piece forces the performer to rethink the musical material and adjust
musical ideas and goals. This process should not be understood as automatic.
The choice of which bars to keep and which ones to leave out influences the
performer’s priorities and structural notions of how to shape the music. Hence,
the changing musical structure serves as a reference frame, which will affect
the musician’s construction and shaping of the performance.
8.2.2 Procedure
Concert and rehearsal performances of both the four and three times run-
through of the piece by the Swedish guitarist Stefan O¨stersjo¨ were recorded
at the Orpheus institute in Ghent, during the Orpheus Research festival on
1-3 October 2014. The four-times rehearsal and concert performance were
recorded on the first day, in a concert auditorium and with a seated audience
the concert, while the three times rehearsal and concert were recorded in the
central hall of the institute with a standing audience in the concert. The set-
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up of the recordings had to be flexible in order to move it to different locations
and without interfering too much with the natural setting of the concert (the
communication between musician and audience) to ensure ecological validity.
This has important consequences for the technology used.
For both the rehearsal and concert performance of the two versions of the
piece, audio, video and movement recordings were made. A contact micro-
phone was used to record a dry guitar signal for analytical purposes, while
a condenser microphone recorded the guitar sound with the ambience of the
room. Two types of movement data were extracted from the performance:
four sensors attached under the surface on which the guitar player was seated
measured the executed pressure and displacement of weight. Active infrared
markers were attached to the head, shoulders and right wrist, and registered
with two Wii-motes placed in front of the performer.
The amount of infrared markers that could be registered was limited to
four, so the body parts had to be chosen deliberately and in agreement with
the performer. All data streams were synchronized using Max/MSP/Jitter
and OSCulator and both the pressure sensors and the Wii-mote data were
sampled at 100 Hz. In addition, the complete performance was recorded on
video with a sample rate of 50 Hz.
8.2.3 Analytical Framework
The main goal of the analysis was to extract muscial expression and detect
consistent and changing performance strategies. First, we give the details
of the separate layers of analysis, followed by the method to combine these
approaches.
Feature extraction sound
Onset-time Bars The time structure of the piece was analyzed at the level
of the bar. It is the main structural unit in the piece, as the units that
are removed and replaced with silences are always bars. The start of each
performed bar was manually annotated using Praat (Boersma & Weeninck,
2015), a program that gives an analysis of dynamics and pitch together with
the sound wave and a spectrogram of the sound. This analysis gives us a
precise view on how the global time structure evolves through the successive
run-throughs of the piece. The analysis at the bar level forms the basis for an
analysis at larger structural levels, such as the different run-throughs and the
five sections mentioned in section 8.2.1.
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Perceived Phrasing Perceived phrasing across the performances was reached
through a process of negotiation between composer, performer and musicolo-
gists. By listening together to the recordings, the participants discussed and
agreed upon a combined understanding of the shaping and phrasing of ma-
terials. While material within an individual bar was always considered an
independent unit, the negotiation identified the perceived joining together of
bars into phrases, and the perceived combination of these phrases into super-
phrases.
Feature extraction movement
Wii-Data From the infrared markers, relative X- and Y-coordinates shoul-
ders and right wrist could be extracted. Due to light conditions in the concert
hall, the data from the head markers of the concert performance could not be
used. X- and Y-coordinates were normalized to values from 1 to +1. From
this signal, kinematic variables (velocity & acceleration) were calculated and
the data was smoothed using a first order Savitzky-Golay filter (as outlined in
the MoCap Toolbox, Burger & Toiviainen, 2013).
Pressure Sensors For each sample, the Cartesian coordinates of the point
of gravity of the performer were derived from the 4 pressure sensors (Fig.
8.2). For this point, polar coordinates (vector length & angle) were calculated
and the result was smoothed using a local weighted regression filter with a
polynomial order of 2 (Loess-filtering)1. From these polar coordinates, the
movement of the point of gravity was derived (change of the norm of the vector
multiplied by the change of angle), resulting in a measurement for Quantity
of Motion (QoM).
Gestures Analysis
Gesture annotation To analyze the video recordings, a method consisting
of several steps was applied building on a basic procedure referred to as “stim-
ulated recall”(Bloom, 1953).2 The goal was to detect expressive movements
1The filtering and smoothing process was based on the methods used in (Desmet et al.,
2012), where noise-measurements are used to obtain the most reliable smoothing result.
2‘Stimulated recall’ is the overarching term for introspective research procedures through
which cognitive processes can be investigated by inviting subjects to recall their thinking
during an event when prompted by a video sequence. Benjamin Bloom is considered the first
to use the term in 1953, which he described as a method for retrieving memories: “The basic
idea underlying the method of stimulated recall is that a subject may be enabled to relive
an original situation with vividness and accuracy if he is presented with a large number of
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Figure 8.2: Representation of the surface with pressure sensors (1 2 3 4 ).
Let W be the sum of w1, w2, w3, w4 (the fractional weights of each sensor).
The position of the point of gravity of the 4 sensors is then defined as in (1).
The xg, yg coordinates are then converted to polar coordinates (θ, ρ). The
change of ρ (vector length) and θ (angle) multiplied gives a measurement for
the intensity of movement.
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in the performance that are not immediately connected to the technical pro-
duction of sound. Performer, composer and two musicologists first watched
the video of the performances together. At any moment one of them marked
an event they perceived as ‘expressive’, the video was stopped. To give the
event a name (code), the four persons involved in the analysis negotiated about
the meaning of this event, based on how they personally perceived it. If con-
sensus was reached, the code was annotated in the video using the software
Elan (Wittenburg et al., 2006). During this first phase not only some basic
codes were introduced, but more important, a common frame of reference was
agreed on between the participants, which was crucial for the next stage. In
this next stage, the persons involved in the analysis watched the performance
alone and coded the videos individually in order to obtain a rich list of codes,
involving the different viewpoints of composer, performer and researcher. In
a second session of common coding, the code lists from the individual coding
were discussed. Overlaps of codes were deleted, meaning that different code
names for the same expressive event were set equal (e.g., ‘accentuating head
movement’ and ‘head beats’ were renamed as ‘nodding’. Also, some specific
codes were assigned to a more general code, like ‘worried’ and ‘angry’ which
were assigned to ‘facial expression.’ In the end, a list of 18 different codes for
which the four parties agreed on was fixed and used for the second part of the
video analysis. Here, the performer and one of the musicologists individually
annotated the four recordings in Elan using the new code list. Each time an
expressive event occurred that matched a code in the list, this code was added
to the video. This resulted in two parallel annotations, which were discussed
in a final common session. Here, all coded events for which in the end no
consensus was reached were deleted from the annotations. The final result of
the video analysis was one annotated file per recording, containing a list of 15
different codes, which were applied to all expressive events in the video where
the four parties found an agreement on. The different steps of common and
individual coding, involving the composer, performer and external observers,
ensured that the result was a reliable annotation of a performance in terms
of high-level descriptors. The four annotated performances were then subject
to a mixed quantitative and qualitative analysis, where the emergent patterns
of gestures in performance were analyzed according to the (changing) musical
material in the score and the perceived phrasing.
cues or stimuli which occurred during the original situation”
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Analysis of gesture in relation to musical material and perceived
phrasing
The aim of this part of the analysis was to detect patterns in the gestural
material that reveal the relationship between movements of the performer and
expression. First, we investigated whether gestures are connected to specific
musical material in the score. This musical material can be a specific bar,
but also the different sections in the score that contain different expressive
material. A similar objective was set for the analysis of gestural material in
relationship to perceived phrases and super-phrases. Also, at the functional
level, we looked at whether a gesture functions as a prefix or a suffix to the
perceived phrases, and which material is related to goal-points in shaping
the musical material. The third objective was to study the co-articulation
of gestural material. More specific, it was verified whether different gestures
consistently co-occured during performance. The methods we used to achieve
these objectives are explained in detail below.
Preparing the dataset In order to analyze the data, a schematized rep-
resentation of the annotations in Elan had to be obtained. First, in order
to connect the coded gestures with the musical material and the perceived
phrasing, a table was created for the 4 annotated performances in which the
smallest unit was a bar. For each performed bar, it was indicated whether a
specific gesture occurred in this bar (a 1 for the start of the gesture, a 0 for the
end of a gesture), and if a phrase or super-phrase started (1) or ended (0) in
this bar. It was also indicated if a bar was not part of a phrase at all (2). Also,
the section of the piece to which the bar belonged was indicated. An example
of a part of this grid is shown in Figure 8.3 (Dataset I). From this table, a
matrix was created where each column represents a gesture (15 columns), and
each row a bar (64 rows), and each cell of this matrix contains the number
of occurrences of the gesture in that specific bar through all 4 performances
(Dataset II). The same was done for the sections in the piece (5 rows), instead
of bars (Dataset III).
To account for the function of each gesture (prefix, suffix or goal-point)
in the phrasing of the piece, another set of matrices was extracted from the
annotation in Elan. Here, for each occurrence of a gesture in the four per-
formances, it was decided if it served as a prefix, suffix or goal point in the
perceived phrases and super-phrases, or if it was unrelated. This was done by
the performer and a musicologist that went through all four annotated per-
formances in Elan and discussed this for each gesture (the gestures ‘minimal
movement’ was not included in the analysis here). This resulted in four matri-
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Figure 8.3: Part of the grid of Dataset I, extracted from the first runthrough
of the concert performance of the 4 x runthrough version. The left column
represents the bar numbers, the right columns te beginning (1) or ending (0)
of phrases and super-phrases, and the section of the piece. 1 and 0 indicates
whether a gesture starts or ends in a particular bar.
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ces containing for each gesture (14 columns in total) the times that it occurred
as prefix (start), suffix (end), goal-point (highlight) or unrelated to a phrase or
super-phrase (8 rows in total). As some gestures were more frequently used by
the performer than others, these frequencies were divided by the total amount
of occurrences of that gesture. This way, it is possible to compare all gesture
types and to see if they are related to start and ending of phrases, as well as
musical goal-points (Dataset IV). The analysis was built on the assumption
that any gesture which is related to a phrase which in turn is within a super-
phrase is related to the latter. Therefore, when referring to ‘start’, ‘highlight’
and ‘ending,’ here, all gestures which are related to shaping on the level of
the phrase, but are not found in the start or ending of the super-phrase are
analysed as ‘highlight’ as well. This way, a super-phrase may contain several
‘highlights.’ All gestures that are not related either to a phrase or super-phrase
are listed as ‘unrelated.’
Self-Organizing maps The first method we applied to analyze the an-
notated performances are Self-Organizing Maps (or SOMs, Kohonen, 1998).
SOMs are a type of unsupervised artificial neural networks used to cluster high
dimensional data (Dataset II,III and IV) by projecting it onto a 2-dimensional
grid or map.
This is done as follows:
1. Initialization of the map. The number and shape of neurons is chosen,
in our case a rectangular map with hexagonal neurons. A random vec-
tor, referred to as reference vector, is assigned to each neuron in the
grid. These reference vectors have the same number of data points as
the vectors of high-dimensional input data. The vectors in Dataset II
comprised 64 data points (number of bars), the vectors in Dataset III
comprised 5 data points (number of sections), and the vectors in Dataset
IV comprises 8 data points (function of gestures in phrasing).
2. Training of the map. The training is based on an iterative process where
the data points of the reference vectors are adapted to the values of
the data points of the input data. Therefore, the reference vectors are
generalizations of the high-dimensional input data. During the training,
the neurons that contain similar reference vectors will be moved closer
to each other, while neurons with dissimilar vectors are moved further
away from each other.
3. Clustering of the map. The obtained SOM is a reduction from the orig-
inal high-dimensional data space to a two-dimensional grid of neurons
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containing reference vectors. The distance matrix (or U-matrix) then
gives a visual representation of the Euclidian distance between the dif-
ferent neurons (containing reference vectors) in the map. On this Eu-
clidian distance, k-means clustering can be applied to detect clusters in
the original data.
Here, the SOMs were generated using the SOM-Toolbox for Matlab (Al-
honiemi et al., 2005). In total, we applied 6 SOMs: one for Dataset II, one for
Dataset III and 4 for Dataset IV (in the latter, each performance had a sepa-
rate matrix of input vectors). For Dataset II and III, the SOM reveals patterns
of (dis)similar gestural behavior across the musical material and across perfor-
mances, in this case bars and sections. The SOMs resulting from Dataset IV
reveal (dis)similar functions of gestures in phrasing and super-phrasing. Based
on the resulting distance matrix (or U-matrix) for each SOM, k-means clus-
tering analysis was used to calculate clusters of gestures. The mean squared
error (MSE) of the different cluster groupings was used as a reference to decide
what number of clusters was representative for the data, following the ‘elbow
method’ outlined in Ketchen and Shook (1996).
Correlation Analysis To test which coded gestures co-occurred during per-
formance, we applied a correlation analysis on Dataset I. As the data here is
binominal, Kendall’s tau correlation was used. Different subsets of Dataset I
were created to see if this co-occurrence was influenced by perceived phrasing
or not. Dataset I (see Fig. 8.3) was split into 6 different subsets using the
following criteria: a) first bar of a phrase (N = 208), b) last bar of a phrase
(N = 208), c) first bar of a super-phrase (N = 76), d) last bar of super-phrase
(N = 76), e) single bars that were not part of any phrase (N = 65), f) all the
bars that were part of a phrase but were not the first or last bar of a phrase
or super-phrase (N = 543).
8.3 Results
8.3.1 Timing
The timing analysis based on the durations of the bars gives us insight in the
evolution of the performance over the four performances and through the four
run-throughs. Each run-through means that a number of bars are replaced by
silence and therefore, it can be observed that the average distance between the
start of two successive bars increases gradually (2.55–3.23–4.40–8.52 s). This
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Figure 8.4: Illustration of the deletion process in the 4-times run-through con-
cert performance of “Austerity Measures”. Each cell represents the duration
from the start of a bar to the beginning of the next bar, the black cells indi-
cate the first bar of a section. The four horizontal layers represent the four
run-throughs, the black lines in between them show which bars are deleted
and how the time-scale is contracted or extended
process is illustrated in detail in Figure 8.4. This figure also shows that the
evolution of the timing is not strictly linear: sometimes the sum of the bars is
shorter, while in other cases the duration increases. We can now look at this
at a higher structural level and compare the length of the five main sections
(Fig. 8.5). The comparison shows that the duration of the different sections of
the first run-throughs is surprisingly consistent. The more material is lost, the
more variation occurs in the duration of the sections, but in general, the timing
patterns are consistent. The only other striking difference is the lengthening
of the final part in the last run-throughs of all four performances. Obviously,
this is related to the length of the final bar, which is extended to convey the
end of the piece.
When we compare the duration of the bars with a Kruskal-Wallis test using
the beginnings and endings of perceived phrasing as a category, it was found
that the bars at the end of a phrase (N =208, MR= 552.95) or bars that were
not included in a phrase at all (N =65, MR=472.54), were significantly longer
than bars at the beginning (N = 208, MR = 244.41) or middle (N =126, MR
= 234.62) of phrases χ2(3, 607) = 119.98, p < .001. A similar result was found
for the bars at the end of super-phrases, which were again longer (N =67, MR
= 396.57) than the bars at the beginning (N =67, MR = 288.09) and middle
(N =456, MR = 289,80) of phrases, χ2(2, 607) = 24, 912, p < .001.
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Figure 8.5: Total duration for each of the five sections in the 4 performances:
4 times run-through concert (4TC), 4 times run-through rehearsal (4TR), 3
times run-through concert (3TC) and 3 times run-through rehearsal (3TR).
Dark colours are the first run-throughs (with all material still played) and
lighter colours are later run-throughs, where musical material is lost.
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8.3.2 Mapping of gesture related to musical material
Figure 8.6 displays the mapping of gestures of all four performances over all
run-throughs at the level of the bar, clustered using SOMs and k-means clus-
tering. From this graph, it can be derived if there are gestures that are con-
nected to particular bars, providing a kind of ‘gestural map’ of the score. The
k-means clustering of the Self-Organizing Map reveals patterns in the hori-
zontal and vertical direction of the grid that might be not visible at first, and
groups gestures that display similar patterns regarding the distribution of oc-
currences over the musical material. 5 clusters of gestures were found (Fig.
8.7), each with their own properties. The first cluster only comprises left hand
gesture, meaning that this gesture reveals a very unique pattern compared to
the other gestures. Characteristic is the strong connection with bar 1, 9 and
56 and a relative absence of left hand gesture during the rest of the piece. A
second cluster comprises the codes minimal movement, repositioning guitar,
right hand gesture and freeze. The relative absence of this gestural material
at bar 32-48 and bar 59-64 as well as particular occurrences at bar 18, 21,
26, 51 and 56 are particular for this cluster. The third cluster consists of the
gestures frowning, nodding, facial expression, expressive shoulder movement
and expressive preparation. This cluster is the most divers, but nevertheless
reveals that this gestural material is mostly connected to the beginning of the
piece, with isolated chords using harmonics (bar 1-15), the middle part with
ascending melodic lines (bar 30-49) and the very last 4 bars, also containing
an ascending melodic line. The fourth cluster shows similarities between lift-
ing head, eyes closed and upbeat in head. These gestures occur repeatedly in
the first bar, bar 4, 33, 46 and the last bar of the piece. Remarkable also is
the strong connection of upbeat in head movement to bar 50. The last cluster
comprises expressive head movement and vibrato. These gestures are almost
exclusively connect to the middle section of the piece, bar 31-49, where melodic
ascending lines are used. Expressive head movement is a gestures that is used
particulary in bar 38-39.
It seems that, while some gestures are related to specific bars, others are
connected to more general expressive material in the score. As this material
is connected to the 5 sections in the score, we ran an additional analysis of
SOMs and k-means clustering, now revealing patterns of occurrence related
to the different sections in the piece (Fig.8.8 and Fig.8.9). Indeed, a strong
similarity can be observed with the previous clustering. The codes expressive
head and vibrato are again a separate cluster of gestures, almost exclusively
connected to the lyrical melodic lines of the third part. Also right hand gesture,
minimal movement, and repositioning guitar are put together in a cluster
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Figure 8.6: Mapping of gestures of all 4 performances over all run-throughs at
the level of the bar, clustered using SOMs and k-means clustering. The gray
scale indicates the occurrence of that particular gesture in the bar compared
to all the occurrences of that particular gesture in %. Cluster boundaries are
indicated with vertical white lines
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Figure 8.7: k-means clustering of the SOM representing the mapping of ges-
tures to bars in the performances
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Figure 8.8: Mapping of gestures to the 5 sections in the piece, clustered using
SOMs and k-means clustering. The gray scale indicates the occurrence of
that particular gesture in the section compared to all the occurrences of that
particular gesture in %. Cluster boundaries are indicated with vertical white
lines
representing section 2 and 4, which contains mainly melodies with large note
intervals. Finally, the codes upbeat in head movement, lifting head and eyes
closed are again part of the same cluster accounting for the gestural material
that relates to section 1, 3 and 5, accompanied by the codes frowning, facial
expression and expressive shoulder movement. On the other hand, two new
connections between gestural material are made, namely left hand gesture and
nodding, which seem to appear mostly in the first section (isolated chords with
harmonics), and freeze and expressive preparation, which on their turn do not
show a particular relationship with the sections in the score, but are scattered
around. This was also verified with a χ2-test on all gestures, where only the
distribution of freeze and expressive preparation was not significant.
8.3.3 Mapping of gestures to perceived phrasing
The clustering of the SOM of the gestures in relation to their function in the
phrase is shown in Figure 8.10. It tells us that the start of phrases are indicated
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Figure 8.9: k-means clustering of the SOM representing the mapping of ges-
tures to sections in the performances
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with rather few gestures, where the typical chamber music related upbeat with
nod is totally predominant, together with expressive preparation. Also, left
hand gesture, frowning and facial expression are more connected to the start
of phrases than the ending. However, they are also sometimes connected to
the highlights and end of phrases, as a result of which they are grouped in
a separate cluster. The closure of phrases on the other hand is represented
very differently and with a greater variety of gestures, with lifting head almost
exclusively connected to the endings. Expressive head movement (and to a
lesser extent expressive shoulder movement and nodding) are peculiar as well,
as they are used most often on the highlights of a phrase. The functions
of gestures related to super-phrases reveal a more scattered pattern. Again,
nodding, upbeat in head and expressive preparation are clearly not related to
the ending of Super phrases, though here, they are much more connected to
the middle of super-phrases. A pattern that is also visible but less pronounced,
is the cluster containing left hand gesture, facial expression and frowning. The
ending of super-phrases, as opposed to phrasing, is not marked very clearly
with specific gestures, though lifting head, expressive shoulder movement and
expressive head movement are most present.
8.3.4 Correlation of gesture patterns
The objectives of the correlation analysis is to detect, regardless from the func-
tion of a gesture, which ones co-occur together at the beginning and ending of
phrases and super-phrases. In other words: that their co-articulation marks
phrase-boundaries. Significant correlations show that a particular quartet of
coarticulated gestures that marks phrase-endings is expressive shoulder move-
ment, lifting head, eyes closed and expressive preparation. A more distinct
selection of compound gestures marks the endings of super-phrases, for exam-
ple lifting head, vibrato and expressive shoulder movement, and eyes closed,
lifting head and expressive preparation. Also, a strong correlation between
nodding, expressive head movement and facial expression was found on the
endings of super-phrases.
8.3.5 Multimodal analysis
In order to provide a more detailed analysis where we combined all layers
(timing, perceived phrasing, movement analysis and gestures), we considered
the concert performance of the 4 times run-through version.
First, we looked at the QoM within the bar of the 4 times run-through



























































































Figure 8.10: Mapping of gestures to the function in a phrase, clustered using
SOMs and k-means clustering. The gray scale indicates the occurrence of
that particular gesture as a specific function in the phrase compared to all the
occurrences of that particular gesture in %. Cluster boundaries are indicated
with vertical white lines
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that is ‘lost’ over the different run-throughs. Based on consistency and change
in QoM, possible musical targets in the shaping of the musical material can
be detected: in each of the four run-throughs, peaks in QoM can be seen at
bars 26 and 30–33 and a general downwards trend in the last part of the third
section (ca. bars 42– 51). In bar 59, QoM is also generally low. On the other
hand, we see a change in the movement through the decomposition process. In
bars 15–16 and 27–28 for example, the increase of movement observed in the
first two run-throughs is lost in the third and fourth repeat. The first part of
the second section (bars 17–25) seems to be the most stable region for all the
four run-throughs. In general, the second repeat mirrors the first run-through,
while the third and fourth run-through seem to be more similar. The first
repeat is the most active one and the third one the least active. To detect the
amount of energy during the performance, we studied velocity and acceleration
of shoulders and wrist, additional to the QoM. Looking at the shoulders (Fig.
8.12), bar 15 shows a decrease in energy, which is also found in bars 22, 40,
50 and 59. Energy peaks are present in bars 26 and 45–46, except for the last
run-through. Some points of increase and decrease in energy are shifted in
the later run-throughs because some musical material is lost. This is the most
clear in bars 32– 33, where the peak is shifted from bar 32 to 33 in the last 2
repeats, as bar 32 is omitted. A similar shift is visible in bar 28 in the right
shoulder. The acceleration profile of the shoulders (Fig. 8.13) closely follows
the velocity curve. The wrist shows a somewhat different energy profile, as
the largest energy peak occurs at bar 28 for the first two repeats, but two
consistent peaks also occur at bars 26 and 58, except for the last run-through.
Bar 27 on its turn is marked by a decrease in energy. A larger zone of low
energy is situated here around bars 17–24, which can be found in the velocity
profile of the left shoulder as well. Also, the acceleration of the wrist shows a
new possible target: bar 51 shows decreased acceleration in all 4 repeats.
It is interesting now to look at how perceived phrasing (and hence, the
shaping of the musical material) can be linked both with the onset timing
of the bars, the annotated gestures and the movement data described above.
Figure 8.14 gives a representation of bar 31-49, the section with the ascending
arpeggios. Each cell represents the duration from the start of a bar to the
beginning of the next, with the numbers indicating which bar each cell rep-
resents. The four horizontal layers represent the four run-throughs, and the
vertical and diagonal black lines between them show the relative reposition-
ing of the surviving bars. The curved lines on top of the cells represent the
agreed phrasing structure. Thus, in the first run through, we found bars 31-46
to be shaped into 7 units that can be perceived also as two super phrases,
each super phrase ending with a longer phrase (three bars instead of two).The
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Figure 8.11: QoM per bar for each run-through of the 4-times run-through
concert performance. The vertical dashed lines indicate the five sections.
Figure 8.12: Velocity profiles of left and right shoulder per bar for each run-
through of the 4-times run-through concert performance. The vertical dashed
lines indicate the five sections.
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Figure 8.13: velocity and acceleration profiles of the right wrist (bottom) per
bar for each run-through of the 4-times run-through concert performance. The
five sections in the score are indicated by the vertical dashed lines.
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gradual process of cuts is reflected in the shaping of the music in the following
run-throughs. In the second round, the music between bars 31 and 46 is again
divided into 7 smaller units, shaped somewhat differently due to bars 37 and
43 being cut out. In principle, the lower level structure looks similar, but
the perceived higher structure is divided into different super-phrases. Here,
the duration of the last bars in the subphrases (= bars 32, 34, 36, 39, 41,
46, 48) are longer (M = 3.25s) compared to the others (M = 2.58s). In the
third round, the number of bars lost is more radical and the music of bars
31-45 is now shaped into three units spanning across a number of empty bars,
again with the last bar of each phrase being longer (except for bar 36). In the
fourth round, the music has in a sense gone full circle and again consists of
only two long phrases: one that stretches from bar 30 (before the section we
are discussing here) up until bar 40, and one starting in bar 45 and stretching
again outside of the section, now ending in bar 48, and with a super-phrase
stretching far into the next section of broken chords, ending at bar 56. The
changing musical structure of the piece causes different emerging timing and
phrasing patterns, and in the final run-through, we see how the previously
defined limits of the different sections break down, with materials from the
different sections becoming joined together within the new phrase structure.
Figure 8.15 combines the timing and phrasing information from the previ-
ous image with some of the more commonly appearing qualitative codes for
this section. Some movement patterns are consistent between the rounds. No-
tably, bar 36 is always shaped by a lifting of the head and, apart from the first
round, also with the eyes shut. The entire section is characterized by the code
expressive shoulder movements, especially in the section between bars 34 and
36, but these movements seem to be particular for the material at large, being
connected to the shaping of phrases stretching over two or three bars. They
occur frequently in the first two run-throughs when the material is largely con-
tinuous. Of more importance here is the introduction of new gesture material
starting in the second round. In bars 37 and 43 we find the new code freeze,
which denotes a relative stillness and marks the first silent bars. The new pac-
ing of the music is immediately reflected in the performer’s choreography of
movement. Interestingly, when the bars in the score become more cut out, the
expressive shoulder movements are now, instead, aligned either with the freeze
or the lifting head codes. Hence, the new shape of the music that emerges -
both the shaping of the music in long lines and the later fragments between
long silences - are clearly projected and connected through body movement.
The musical structure in terms of perceived phrasing is also reflected in the
movement patterns (Fig. 8.16). Consider the QoM in bar 30 – 36 in the 2nd
and 3rd run-through. In both cases these bars are connected in one big phrase,
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Figure 8.14: Visualistion of duration and perceived phrasing in bars 31-49.
The perceived phrasing is represented by the horizontal slurs (phrases) and
dashed brackets (super-phrases) on top (horizontal axis). This way, the four
run-troughs can be compared (left vertical axis)
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Figure 8.15: Visualisation of different measurements in bars 30–49. The begin-
ning of each bar is represented by the dashed vertical red lines and perceived
phrasing by the horizontal slurs (phrases) and dashed brackets (super-phrases)
on top (horizontal axis). Gesture annotations and duration are indicated by
the horizontal dashed lines in the tablature (left vertical axis). This way, the
four run-troughs can be compared (right vertical axis).
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Figure 8.16: QoM of all run-throughs of the 4-times run-through concert per-
formance and perceived phrasing of the first run-through for bar 13-24 and
bar 25-30 (top) and the second (red line) and third (green line) run-through
for bar 30-36 (bottom).
and despite the loss of musical material in the 3rd run-through, the movement
pattern looks very similar. Also, the super phrase in bar 13 – 24 and bar 25
– 30 in the first run-through show a similar profile, starting with a low QOM,
and then a sudden increase. Remarkable as well: the 1st bar in the 1st and
2nd run-through belong to a super phrase, while in the later run-throughs, it
stands on its own. When being the starting point of a super-phrase, there is
a relatively low QoM, when standing alone, the QoM is relatively high.
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8.4 Discussion and Conclusions
8.4.1 Establishing a multimodal framework for perfor-
mance analysis
The methodology developed in this paper provides a framework for the multi-
modal analysis of music performance. The bottom-up approach consisted of a
timing analysis at different structural levels and an analysis of movement-data
using low-level descriptors as QoM, velocity and acceleration. These descrip-
tors are related to more high-level features as movement intensity and energy,
but don’t relate immediately to semantic descriptors or the performers’ inten-
tions. This might be considered as an important gap, as we often interact
with and understand music at this level. Therefore, the coding and anno-
tations from the stimulated recall sessions and the perceived phrasing were
added as a top-down approach. This data was then subject to a clustering
analysis, by means of which we could detect patterns of gestures that were
related to musical material and phrasing.
The timing patterns and durations of bars and sections reveal a first per-
formance strategy towards expressive shaping of the musical material. The
cuts that are imposed by the composition force the performer to reshape the
material, resulting in a changing duration of bars and different phrasing strate-
gies. However, the durations of the sections are surprisingly consistent among
run-throughs and performances. This could mean that despite changes in du-
ration at the local level and the changes in chunking together musical material
to phrases and super-phrases, the overal timing structure of the piece is incor-
porated by the performer and serves as a solid framework - the body scheme,
so to say - within which interactions between changing musical material can
lead to different emerging musical patterns.
A similar observation can be made when looking at the movement patterns
(QoM, velocity and acceleration) of the performer. Though general patterns
stay more or less the same accross the different run-throughs, the cuts force
the performer to adopt his movement strategies in order to convey the new
emerging musical expression. There, the consistent musical targets could pos-
sibly serve as the reference frame, where local changes and new interactions
between musical material again lead to different expressive patterns.
The clustering of annotated gestures revealed that a specific gestural vo-
cabulary is connected to particular musical material. More lyrical melodic
material is aligned with gestures as expressive head movement and vibrato,
while nodding and left hand gesture are connected to isolated chords. Also,
gestural material could be linked to the shaping of the music in terms of phras-
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ing. Interestingly, gestural behaviour that is typically related to chamber music
playing, such as the upbeat in head movement at the beginning of phrases,
can be observed in this solo performane. This means that this vocabulary of
movements is part of the habitus of the musician, and that it is applied outside
the context where it is normally used. The fact that the specific coarticulation
of different gestures marks important musical moments (correlation of gestures
at the ending of phrases), also shows that rather than serving a single function,
the function of a gesture can change according to the combination in which
such a gesture occurs.
During the process of analysis, some important observations were made
that highlight the importance of a multimodal analysis when dealing with mu-
sic performance. First of all, the findings from the analysis at different layers
can reinforce each other. The compression of musical time that was observed
in the different sections of the piece was nicely reflected by the changing QoM
of the performer’s body and the perceived phrasing, while the distribution
of musical gestures along the piece reflected the change in musical material
throughout the 4 repetitions of the piece. The perceived phrasing also ap-
peared to be a useful feature in the comparison of different modalities (tim-
ing, gestures, QoM) and highlights the importance of phrasing as a strategy
of structuring the music by means of chunking and co-articulation for both
performer and listener. The collaboration between composer, performer and
musicologists allows for the development of a methodology for performance
analysis that helps interpreting the multiple data-streams, involving the ex-
pressive intentions that eventually lead to musical creativity and expressivity.
Where the study of MacRitchie et al. (2013) and other similar studies could
be said to adopt a top-down approach, using analytical methods to align bod-
ily movements in performance with recognized musical structures and using
a pre-defined functional framework, our approach could be said to have an
opposite, bottom-up approach, drawing on a variety of analytical methods to
see what kinds of structures are managed, communicated, and even created in
live performance. This way, we were able to observe how the musician applies
body movements to structure and shape the musical performance. Moreover,
this highlights the importance of body movement in understanding the process
of communicating expressive intentions and in creating new emerging musical
structures during the deconstruction of the piece. This is also reflective of
Lachenmann’s idea (Wilson, 2013) that composition is a creative process of
building an ‘instrument’, together with the embodied performer, an idea that
was also postulated by Clarke and Doffman (2014).
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8.4.2 Discussion and future work
The framework established in this paper offers a valuable instrument for future
analysis. The choreographic aspects of performance and the idea that bodily
gestures are part of the creation of the music, is an idea worth exploring in the
future. It would be wrong to think that the performer’s movements are simply
the result of emergent processes of embodiment, only reflecting the musical
structure: in performance, the deliberate body strategies of the musician bear
an explicitly choreographic aspect. On the one hand, these bodily gestures
seem to be liberated, independent from the music, but on the other hand, the
music gets increasingly embodied during the process of rehearsal and perfor-
mance. The musical performance is a result of the interplay between deliberate
choices and intentions and spontaneous and unconscious behavior, and this is
where the perspective of the performer is of key importance. In developing a
theory on musical expression, the intentions of the performer, and hence it’s
subjectivity, are part of a crucial body of knowledge that is important in un-
derstanding the final realization and enactment of a performance. This seems
rather trivial or obvious, but it is an aspect of performance that is often ne-
glected or forgotten in research analysis, the more because this subjectivity is
difficult to describe and access. From this study, it is clear that the collabora-
tion between musicians, performers and scholars should be encouraged in order
to establish a corpus of studies that access expressive music performance from
a multimodal perspective. The intriguing role gestures play in the shaping
of a musical performance, and the interplay between musical timing, move-
ment, expression and musical meaning is a rich field that can be explored and
accessed in detail with the multimodal perspective established in this paper.
Still, this research also provides a lot of material for discussion. What is
not specificaly addressed in the analysis, is whether the bodily articulations
of the performer are the result of conscious reflection or rather sub-conscious
mechanisms. Probably it is an interplay between both, as the established body
scheme of the performer is put into a context where changing musical mate-
rial has to be shaped on the spot. The dynamic interactions between body
scheme, musical material and perceived musical outcome at the local level
therefore result in changing emerging patterns, but in the analysis a lot of
consistent patterns were found as well, and probalby those are not only the re-
sult of a sub-conscious shaping but also deliberate intentions of the performer.
In future studies, trying to distinguish between both would shed more light
on the interplay between intentionality and the performer’s habitus in music
performance.
Moreover, an even more radical question could be posed at this stage.
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It is clear that body movement is reflective of structures in the score and
expressive shaping of the music, but, is it possible that the body movements
on its term are deciding how the material in the score is shaped towards
expressive emerging patterns? Again, the answer possibly lies in the dynamic
interaction between planned actions and what musical patterns result from
these actions. In that sense, body movement can impose a structure onto
the musical material, a phenomenon that has been observed in studies were
musical perception is influenced by movement of the body(Phillips-Silver &
Trainor, 2005, 2007).
Nevertheless, the approach in this paper has led to interesting perspectives
on performance analysis. By combining top-down and bottom-up methods,
we diverged from the more structural approach that is still very present in
studies on music performance (Windsor, Desain, Penel, & Borkent, 2006). We
emphasised the importance of perceived expression rather than starting from
our own analysis of the score. Moreover, we classified the gestural material
based on the observed patterns of gestures (their occurence and function in the
performance) and taking into account the perspective of the musician, rather
than using a preset of categories such as the well-known framework found in
Jensenius et al. (2010). This data-driven approach results in a more reliable
categorization for the performance that is under analysis. Though the resulting
framework for gesture categories is maybe not immediately applicable to other
studies, the data-driven approach from which it is derived certainly is.
With this paper, we hope to inspire musicians and researchers to adopt
interdisciplinary methodologies and we hope to encourage and stimulate them






In my dissertation, we investigated expressive timing control on three different
levels of expressive gesturing. The goal was to identify the complementary role
of the sub- and supra-chunk level in the expressive interaction with music, and
to address questions regarding the control and communication of expressive-
ness in all three levels of the proposed framework.
The first two studies investigated the role of gesture in the control and
communication of timing at the sub-chunk level. We could conclude from the
results that during performance, there is a continuous interaction between per-
ceived outcome and produced action, through a feedback-loop that is (semi)-
independent from goal-points at the chunk-level. This means that changes in
movement, or sound trajectories, which are implemented in the entrainment
grid of goal points, can contribute to the resulting timing patterns within that
framework, and possibly influence this framework. In that sense, these two
studies demonstrate that a dynamical, continuous feedback-based control of
timing can be established during music performance, as small interactions at
the sub-chunk level can influence the larger timing patterns emerging from
these interactions at the chunk-level.
In chapter 5 and 6, the manipulation of the chunk-level itself was the point
of departure. I posed the question what would happen if we challenged the
movement dynamics of stable performance states that are characteristic for the
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entrainment level. The study on tempo in the performance of violinists (chap-
ter 5) showed that transitions occur in movement behaviour when performing
a musical piece in a wide range of tempi. This was visible in the periodic body
movement of performers, but also in the way movement chunks were detected
in the acceleration data. In fact, from these results it can be deducted that the
action repertoire of a musician is associated with certain tempo categories, es-
pecially the metrical level that the musicians entrain to. Or stated differently,
movement trajectories are anchored on the entrainment grid that metrical
structures provide. When this grid falls apart because of tempo changes, dif-
ferent motor strategies have to be found in order to be able to establish a
new grid. The fact that musicians can change from one performance state
to another when changing tempo again suggests that a dynamic interaction
between planned action and indeterminate components in the performance
space takes place when musicians perform. Moreover, these transitions could
be linked to tempo-categories found on typical metronomes used in classical
music. This provides evidence for theories that have linked our perception of
musical expression, especially those expressions related to rhythm and pulse,
to physical movement (Todd, 1999; Todd, O’Boyle, & Lee, 1999). In chapter
6, we explored how the movements and subjective experiences of dancers are
informative of the expressive character and intentions related to the tempo of
the music. The non-verbal communication that is established between musi-
cians and dancers in performance is strong enough to inform musicians about
the tempo choices of the dancers, a result that complements the findings of the
study in Chapter 5, where bodily behaviour of musicians is strongly related
to tempo categories. At the methodological level, this study advocates the
use of combined objective and subjective data in a mixed method. Results of
both approaches can reinforce each other, uncover small nuances and enhance
the interpretation of both types of data. Next to a methodological advantage,
this mixed method also allows to translate the results of empirical studies to
the domain of artistic and stylistic interpretation. The analysis resulted in a
guidance for tempo-choices in Baroque dance, meaning that a pre-reflective,
immediate coupling of body movement with perceived musical expression can
inform us about stylistic choices to be made in dance music.
In the last two chapters, I attempted to address how musical expression is
embedded in larger musical structures. On the one hand, I looked at how the
body movements of the performer get encoded into longer sound patterns and
how these sound patterns are decoded in terms of body movements by the lis-
tener. This encoding and decoding process lies at the basis of communicating
musical expression and it is interesting to see that the result of this decoding
process shows a shared interpretation among participants among larger struc-
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tures (supra-chunk level) as well. This means that the communication of musi-
cal expression over larger structures is based on a shared embodied knowledge
of both performer and listener, which can be explained by the common coding
theory (Prinz, 1990). This direct way of communicating musical expression is
a core aspect of the enactment process. It reveals the presence of an underlying
action-oriented ontology that supports expressive music interaction at larger
structures. In other words: the assumption is that the listener’s or performer’s
action-oriented ontology transcends the musical action level (i.e. the chunk-
level). However, the action-oriented ontology may not account for the dynamic
aspect of this interaction, namely, how the larger structures that are perceived
can emerge from the dialectic interaction between body schemes, perceived en
produced sound and movement patterns, and planned and perceived action
outcomes in an environment that contains indeterminate components. Aus-
terity Measures I was the perfect composition to account for this question,
as it introduces a challenging, changing context in performance where inde-
terminate and predefined components interact with each other (Chapter 8).
There, we could conclude that musical expression emerges from the interplay
between the body scheme of the performer and the changing context that is
generate by the rules implied by the composition. The fact that some gestural
vocabulary is related to specific musical material in the piece, apart from the
changing musical structure, shows that the body scheme of the performer is
a strong factor in the resulting musical expression. On the other hand, the
coarticulation of particular gestures was also related to phrasing and conveying
larger musical structures, independent from the musical material. Moreover,
the guitarist adapted his movement and timing patterns to form new musical
phrases each time the musical structure changed. This behaviour is partly
goal-directed because the overall timing framework (in terms of duration) and
gestural vocabulary largely stayed the same. But, it is also dynamic, as the
bars that were played in a new context were conveyed in a different way than
in the performance of the initial musical structure, both in timing as well as
in gestural vocabulary. Also, in both studies (chapter 7 and 8) there was a
strong connection with the observed movements of the performer and the per-
ceived expression in the music. The latter proves that an embodied approach
is irreducible when studying expressive music performance, also when we look
at larger musical structures that transcend the action- or chunk-level.
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9.2 Discussion
The studies presented above provide evidence for, or at least advocate that a
dynamical interaction at the three levels of musical gesturing lies at the basis
of musical expression. In this thesis, I used the word “dynamic”or “dynam-
ical”in a broader way than a model of mathematical equations that describe
time-based systems with particular non-linear properties, which is the way it
is used in the dynamical systems theory (Kelso, 1995; Warren, 2006). The
term dynamic systems, in its most generic form, means simply: systems of
elements that change over time (Thelen & Smith, 1998). In my thesis, I used
the term dynamic systems also in the sense of being “open to indeterminacy”.
In fact, I used the term as an alternative way of thinking about expressive
music performance, as opposed to the more goal-directed paradigms presented
in the introduction (Leman, 2007, 2016; Maes et al., 2014; Palmer, 2012; Se-
banz & Knoblich, 2009). I do not want to say that these paradigms are not
dynamical at all, but they are developed around a particular action-oriented
thinking, and therefore do not account for some vital aspects of expressive per-
formance. I tried to investigate these aspects during my doctoral research, but
off course, because music performance is in its nature goal-directed in many
aspects, the paradigms that focus on the latter are unmistakably present in
my studies as well (Ijspeert et al., 2013; Warren, 2006). Yet, by emphasising
the importance of a dynamical aspect in music performance research, I was
confronted with some limitations in the methodology. The methodologies that
consider dynamical modelling require advanced mathematical and engineering
skills. However, strong computational models that account for the dynami-
cal behaviour at the sub- and supra-chunk level are lacking in the literature
that focusses on music performance. Typical dynamical behaviour has been
modelled focussing on interpersonal entrainment dynamics at the chunk-level
and the associated goal-directed or action-oriented behaviour (Ijspeert et al.,
2013; Mo¨rtl et al., 2012; Warren, 2006). In my opinion, here is a huge op-
portunity for the research community, as good (i.e. usable and applicable)
computational models that account for the other levels of expressive gesturing
could improve or even complete our knowledge of the interaction dynamics in
expressive music performance.
Given this limitation in methodology and the lack of computational mod-
elling approaches, I tended to focus on how I could empirically implement
the underlying idea of dynamic systems into a meaningful musical context.
Finding a good balance between controlled settings and musically valid stim-
uli, let alone an ecological environment, was a constant challenge during my
research. First of all, I tried to use musical valid stimuli, as apposed to a
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lot of Sensorimotor synchronisation-tasks (Repp & Su, 2013). Also, I tried to
address tangible musical phenomena and problems that are present in music
performance, such as the sniff or the choice of the right tempo. The context
is an often neglected aspect in music performance studies as well. In my doc-
toral research, I therefore payed attention to use musically interesting stimuli,
to study performances with piano accompaniment or to use music that was
performed with a real audience. But, introducing a more ecological context
also means the introduction of a lot of noise, and it implies that sometimes
only a small sample is at hand. Therefore, it is hard to make valid conclusions
about the entire musical population that we are envisioning in our study do-
main of systematic musicology. Especially, I wanted to stress the importance
of the dynamic interaction between planned actions and action outcomes and
unpredictable components that are introduced by a real, valid performance
context. It is a very challenging task to introduce an ecological valid environ-
ment when all performance aspects are to a certain extent controlled by the
researcher. Yet, I believe that with the advent of advanced technologies, such
as augmented and virtual reality, there are new opportunities to study context
components in a realistic musical setting: controlled in an experimental design
but still valid as ecological context.
A third topic that I addressed in my dissertation is the performer’s per-
spective. In order to fully understand expression in music performance at the
three proposed levels, the gestures of the musician (the one who creates the
sound patterns that we engage with) became the main focus. Yet, a crucial
element that is often lacking in studies that look at musician’s gestures, is the
subjective experiences and reflections of these musicians. The main reason this
aspect has not gained full attention in the literature is probably because it is
methodologically challenging to do so. Questionnaires and interviews are the
most used methods, but they do not always provide the most reliable informa-
tion because they prime the participants towards certain answers or because
the questions we ask as researchers are not always understood correctly by our
clueless participants. Therefore, starting from the experience of the musicians
themselves is a more valid method, but the other side of the coin is often
that the systematic processing of this data is hard or very time-consuming.
Nevertheless, questionnaires and interviews can lead to fruitful insights, as we
have seen in some of the studies presented in this thesis. In chapter 8 for ex-
ample, rather than using predefined categorizations such as the ones found in
Jensenius et al. (2010), the categorization of the observed gestures was based
on the perspective and reflection of the musician on his own behavior. The
method we developed to do this was based on stimulated recall (Lyle, 2003),
but we added a bottom-up classification method (the SOM) in order to help
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us structure our subjective data. This combination of subjective experiences
of the performer and objective methods is certainly something that should be
done more in the future. But first, the documentation and validation of this
kind of methods is absolutely necessary to bring about a methodological turn
in music performance research.
In summary, rather than being an attempt to tell one complete story, this
thesis offers a pattern-card of perspectives and insights that can open up dis-
cussion for future reasearch. In that sense, my work can serve as a companion,
where researchers and musicians of different kinds could use the studies that
complement their own practice the most as a starting point.
9.3 Applications and future perspectives
Although the studies in this dissertation mainly focussed on validating the pro-
posed theoretical framework, I do believe that the obtained knowledge can be
applied in other related research domains. A first application has already been
suggested in the studies on Baroque music and tempo. Here, we attempted at
solving a historical musicological and stylistic problem by means of empirical
research based on a theoretical framework. Combining historical and empirical
research in musicology is definitely an interesting direction to pursue to in the
future, as it can lead to innovative findings about embodiment in relation to
historical contexts. Also, profound insight in how people interact with mu-
sic can be useful in music education, rehabilitation and physiotherapy as well.
The different interaction levels (chunk, sub-chunk and supra-chunk level), each
have their own importance and contribution to the musical interaction. In mu-
sic education, teachers should be aware that a balance in the focus on these
three levels is important, so that young musicians can develop the proper skills
that are connected to these layers. This means, going from micro-gestures for
a good communication of musical timing to expressive gestural behaviour to
convey and control larger musical structures.
In rehabilitation and physiotherapy research, music is a frequently used
tool, for example in the the study of walking behaviour of Parkinson patients
or people that suffered from a stroke (Thaut & Abiru, 2010b). Here, the focus
mainly has been on the chunck-level in music, like walking on the musical
beat. Taking the other interaction levels into account and the way they relate
to this chunk-level, could provide an alternative or refinement of the existing
research methods. Research on rehabilitation and physiotherapy with music
could benefit from exploring the effects or use of both the continuous feedback-
loop at the sub-chunk level and the dynamical interactions that emerge at the
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supra-chunk level to improve their methods. Choosing specific musical stimuli
or focussing on different movement patterns of the patients are just some
examples.
Also methodologically, there are interesting future perspectives. I already
discussed the possibilities of profoundly implementing dynamical models in
music performance research and the importance of a valid musical context.
But, in general, I think that a methodological turn towards implementing the
subjective perspective of the performer in empirical research is maybe the
most challenging one. Systematic musicology should be liberated from the
still dominant structural approach (Windsor et al., 2006), and turn towards
other research frameworks that can be equally valid. Coessens, Crispin, and
Douglas (2009) take it radical and put the artist central to artistic research.
The opportunity of musicologist, however, lies in the systematic, empirical
implementation of the artist’s perspective. If both disciplines would grow
closer and establish a deeper methodological exchange, they could definitely
benefit from one an other.
But most of all, I want to advocate the awareness of performers about the
impact their gestural behaviour can have on the expressive interaction with
music and the audience. My research has shown that even small gestural
behaviour can have a big impact on the resulting musical expression. This
means that the performer bears a great responsibility when it comes to the in-
terpretation of existing and new music, and that they have to do this with the
grates awareness of what their bodily behaviour can contribute to the overall
performance. The fact that they can render certain expressions (more) clearly
by means of even small gesticulations, and moreover, that these small inter-
ventions can result in a very different musical character, is an underestimated
aspect of music performance. I believe that this awareness may contribute
to the difference between an average performance, and one that drags along
the audience into an expressive experience. The performer’s responsibility to
shape the music into an expressive product is a crucial issue, especially in times
where the (financial) support for the performance of classical and contempo-
rary music is under great pressure. Gestures and movement are necessary to
shape and render the sounding patterns into emergent expressive patterns,
which creates a disposition and openness towards these patterns. The latter is
crucial if we want to make this music relevant and central again to our cultural
repertoire.
To conclude, I think it is important to emphasise that studying music per-
formance is a very complex, but at the same time very rewarding occupation,
as it offers a privileged insight in the way musical expression emerges. I am
convinced that music performance research can contribute to fundamental new
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knowledge in music psychology and other related research domains, but to a




motion data: music as an
emergent multimodal
choreography
Federico Visi, Esther Coorevits, Rodrigo Schramm, Eduardo Reck Miranda
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Abstract
Music is a complex multimodal medium experienced not only via sounds but
also through body movement. Musical instruments can be seen as techno-
logical objects coupled with a repertoire of gestures. We present technical
and conceptual issues related to the digital representation and mediation of
body movement in musical performance. The paper reports on a case study
of a musical performance where motion sensor technologies tracked the move-
ments of the musicians while they played their instruments. Motion data were
used to control the electronic elements of the piece in real time. It is sug-
gested that computable motion descriptors and machine learning techniques
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are useful tools for interpreting motion data in a meaningful manner. However,
qualitative insights regarding how human body movement is understood and
experienced are necessary to inform further development of motion-capture
technologies for expressive purposes. Thus, musical performances provide an




Method to Assist the
Performer’s Artistic
Process
Giusy Caruso, Esther Coorevits, Luc Nijs, Marc Leman Paper published in:
Contemporary Music Review, Vol 35, Iss 4-5, pp. 402-422
Abstract
In this paper, we propose a method to assist a performer in dealing with the
challenges of contemporary music performance. Such a method aims at making
a performer’s artistic process (which is based on cognitive and sensorimotor
schemes) more explicit, in order to better understand the relationship between
goals, actions, and sounds. The method does not provide a heuristic that will
automatically lead to a new performance model. Rather, it is meant to assist
performers in (re)framing their interpretative outlooks while rendering their
performative code explicit with the help of innovative mirror-like technologies.
First we provide a general framework for understanding music performance,
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based on the notion of performance spaces and frames, and on recent insights
in embodied interactions with music. Next we elaborate on how to approach
the development of such understanding through performance research. Then
we apply this framework to the performance of contemporary music, describing
two complementary analysis approaches, in which we focus on analysis from
a third-person perspective, and from a first-person perspective, respectively.
The paper concludes with a discussion about the method and its value for
both research and performance.
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